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THEME 


Lectures  Series  1  27  is  concerned  with  high  frequency  communications  and  is 
sponsored  hy  the  Hlectromagnetic  Wave  Propagation  Panel  of  A(iARI)  and  implemented  by 
the  consultant  and  exchange  programme. 

The  aim  of  these  lectures  will  be  to  survey  problems  and  progress  in  the  field  of  HF 
C  OMMUNICATIONS.  The  lectures  will  cover  needs  of  both  the  civil  and  military 
communities  for  high  frequency  communications.  It  will  discuss  concepts  of  real  time 
channel  evaluation,  system  design,  as  well  as  advances  in  equipment,  in  propagation,  and  in 
coding  and  modulation  techniques.  The  lectures  are  aimed  to  bring  non-speciaJisls  in  this 
field  up  to  date  so  that  HF  COMMUNICATIONS  can  be  considered  as  a  viable  technique  at 
this  lime.  The  problems,  difficulties  and  limitations  of  MF  will  also  he  outlined. 
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HIGH  FREQUENCY  COMMUNICATION:  AN  INTRODUCTION 

Jules  Aarons 
Boston  University 
Dept,  of  Astronomy 
Boston^  MA  02213 


The  aim  of  this  lecture  series  is  to  survey  problems  and  progress  in  the  field  of  HF  communication,  Tlie 
region  of  the  spectrum  used,  3-30  MHz,  allows  observers  of  the  RF  signal  energy  to  detect  both  gri'unJ  wave 
and  sky  wave.  It  is  a  much  used  part  of  the  spectrum  hut  it  is  vital  to  be  able  to  fullv  utilize  its 
unique  capabilities . 


l.O  INTRODUCTION 

It  is  easy  to  see  why  the  disillusion  with  HF  communications  set  in  after  World  War  1 1  -  at  least  with  the 
planners  and  those  Interested  in  technological  advances. 

The  propagation  problems  for  example  are  numerous.  (1)  In  the  prediction  area  it  is  possible  to  develop 
long  range  models  for  fore>.asting  monthly  medians  of  frequencies  to  be  used  for  a  specific  path  in  a 
particular  month  and  phase  of  Che  sunspot  cycle.  From  the  viewpoint  of  the  user  the  enormous  range  of 
values  used  to  formulate  that  monthly  median  curve  means  that,  for  example,  over  a  few  hours  communications 
are  not  assured.  The  techniques  for  developing  long  term  models  and  these  for  forecasting  short  term 
variations  are  very  different;  they  can  be  said  to  be  different  arts.  (2)  Several  propagation  problems  are 
and  will  continue  to  be  destructive.  At  high  latitudes  polar  cap  absorption,  which  at  its  worst  can  last 
for  days,  will  wipe  out  any  system  of  HF  communications  that  relies  on  transmitting  thru  the  polar  cap 
ionosphere.  Auroral  fading  and  absorption  are  probably  the  most  difficult  problems  of  HF.  Fast  fading  and 
selective  patf»  absorption  wreaks  havoc  on  HF  signals.  At  equatorial  latitudes  fading  produced  bv  F  layer 
Irregularities  is  active  in  regions  between  plus  and  minus  20*^  from  the  magnetic  equator;  It  can  be  a  dev- 
astat ing  e f feet . 

The  3-30  MHz  region  is  only  a  small  portion  of  the  radio  spectrum.  Ac  times  and  under  certain  propagation 
and  operational  conditions  even  4  kHz  seems  to  be  a  wide  band.  The  ionospheric  characteristics  narrow  the 
band  used.  The  extensive  use  of  HF  further  bounds  the  medium  with  signals  piled  on  top  of  signals. 

Finally  there  is  the  possibility  of  jamming  with  high  pi>wer  and  highly  directive  signals  blotting  out  the 
communications  —  and  there  is  the  Interception  problem. 

2.0  EVALUATING  AND  DEALING  WITH  CHANNEL  PROBLF.MS 

Any  new  system  will  encounter  many  of  these  problems.  ITie  ideal  now  system  tries  to  address  each  problem 
in  a  creative  way.  It  deals  with  the  auroral  problems  by  knowing  the  geographical  and  signal  character¬ 
istics  of  fading  and  absorption  during  periods  of  severe  effects.  The  Ideal  new  system  provides  for  pat\\ 
diversity,  rerouting  messages  to  minimize  the  effect  of  auroral  and  polar  cap  absorption.  The  Ideal  sys¬ 
tem  uses  coding  for  corrections  and  changes  transmission  characteristics  as  a  function  of  its  analysis  of 
real  time  channel  problems. 

The  words  holding  together  modern  HF  radio  are  Real  Time  Channel  Evaluation;  the  svstem  envisaged  for  the 
future  for  any  use  Is  adaptive.  The  adaptive  aspects  contemplated  Include  some  or  all  of  the  folh'wing: 

a.  Frequency  band  selection  -  what  general  frequency  range  should  be  tried  for  a  particular  path  at 
a  particular  time. 

b.  Channel  selector  -  precise  frequency  to  be  used  after  determining  levels  of  interference,  noise, 
occupancy . 

c.  Path  selector  -  in  the  case  of  routing  possibilities  the  real  time  channel  evaluation  would  also 
determine  the  relay  paths  utilized. 

d.  Propagation  mode  selectivity  Is  also  of  importance  with  ground  and  ionosphere  paths  available. 
Within  the  ionosphere  there  are  many  modes,  I.e.  single  hop,  multiple  hop,  sporadic  E  etc. 

e.  An  area  deemed  of  great  importance  for  networks  is  to  control  the  pt>wer  level  with  excess  power 
utilized  only  for  reducing  interference. 

f.  Antenna  nulling  Is  a  more  recent  possibility  for  selective  point  to  point  communications. 

g.  Channel  equalization. 

h.  Modulation  selection,  coding,  error  correcting  and  network  protocal  are  methods  where  adaptive 
systems  have  and  will  change  HF  communications. 

3.0  THE  USERS 

The  largest  consumers  of  HF  systems  at  the  present  are  governmental  units  ranging  from  National  Police  to 
postal  and  communications  services  within  small  nations.  There  are  other  groups  using  HF  Including  data 
services  and  telephone  systems.  With  regard  to  the  latter  remote  areas  In  Canada  utilize  HF  within  their 
telephone  system  for  communications.  In  many  of  these  governmental  uses  there  Is  difficulty  In  siting 
that  preclude  the  use  of  VHF  and  UHF.  The  need  in  almost  all  these  cases  is  a  voice  channel  with  the 
users  frequently  requesting  secure  communications. 


In  the  area  of  civil  aviation  thera  are  extensive  plans  for  HF,  the  need  pushed  by  the  Investment  that  would 
be  required  for  an  effective  satellite  system.  There  are  firm  requirements  for  high  performance  from  an  HF 
digital  data  link.  Channels  must  be  available  under  many  conditions;  message  and  syTi.ool  error  states  must 
be  minimized  for  full  utilization  of  the  data  capability.  Civil  aviation  incidentally  allows  for  a  tuning 
of  an.  adaptive  system  to  conditions  on  Individual  routes. 

The  aim  of  these  lectures  is  to  tie  together  some  of  the  points  raised  in  this  introduction.  We  hope  to 
outline  the  problems  of  HF  communications,  the  state  of  the  art  in  coding,  equipment,  propagativm  fore¬ 
casting.  Finally  we  hope  to  discuss  the  research  and  development  efforts  necessary  to  fully  exploit  HF 
conmunlcat ions . 


MILITARY  SYSTEM  REQUIREMENTS 


Jules  Aarons 
Boston  University 
Dept,  of  Astronomy 
Boston*  MA  02213 


For  the  military  in  many  nations,  if  not  in  all  nations,  HF  turns  out  to  be  a  primar>'  means  of  communica-’ 
tions  rather  than  a  backup.  In  sone  countries  no  other  comaunications  techniques  are  contemplated  for 
such  services  as  ship  to  shore,  aircraft  to  ground  over  distances  beyond  the  line  of  site  etc.  The  vul- 
nerability  of  satellites  makes  us  consider  HF  comaunications  as  a  primary  military  communications  medium 
even  in  those  nations  m^lng  use  of  satellites  in  their  military  complex. 

The  requirements  of  a  military  system  range  from  repetitive  broadcasts  of  simple  connands  on  teletype  to 
secure  digital  communications.  Global  operations  demand  the  HF  system  adapt  to  propagation  conditions  In 
regions  varying  from  equatorial  to  polar. 

In  the  area  of  architecture  some  military  needs  are  as  follows: 

a.  Connectiveness:  The  requirements  may  range  from  many  users  to  many  users  to  confining  the  opera¬ 
tion  to  a  limited  group. 

b.  Master  station:  In  almost  all  cases  a  master  station  is  contemplated  with  command  headquarters 
organizing  the  distribution  of  the  system.  In  this  case  multiple  networks  are  needed  to  allow  coainuni- 
catlons  within  limited  groups. 

c.  Relay:  Relay  may  consist  of  rebroadcasting  or  rerouting.  Path  diversity,  i.e.  moving  a  signal 
to  a  path  with  minimum  propagation  outages  is  an  area  on  which  military  research  and  development  must 
concentrate. 

D.  Identification:  This  is  always  a  difficult  area  but  a  requirement  in  military  systems. 

The  technical  requirements  from  users  include  many  items.  While  the  list  may  seem  to  be  a  wish  list,  firm 
needs  can  be  shown  In  each  of  the  following  areas: 

a.  Voice 

b.  Data 

c.  Adequate  antl-Jam  margir. 

d.  Security 

e.  Interoperability 

f.  Coverage:  ground  and  skyware 

g.  Channel  optimization 

h.  Message  error  control 


INTRODUCTION:  CIVILIAN  AND  DIPLOMATIC  REOUIREMENTS 


by 

L.E.  Petrie 

Petrie  Telecommanications 
22  Barren  Street 
Nepean,  Ontario  K2J  1G4 
CANADA 


ABSTRACT 

HF  radio  is  used  extensively  to  meet  civilian  and  diplomatic  communication 
requirements.  Briefly  described  are  the  non-military  requirements  for  HF  commun¬ 
ication  by  exploration  companies  aeronautical  and  marine  operations,  the  diplo¬ 
matic  corp,  radio  amateurs,  as  well  as  by  users  in  remote  and  isolated  areas  where 
other  means  of  communications  are  not  available. 


TYPES  OF  SERVICES 

HF  radio  provides  the  following  typos  of  services: 

Fixed  Service 

A  service  o^  HF  radiocommunications  between  specified  fixed  points  or  locations; 
External  Affairs  or  the  diplomatic  corp  are  major  users  of  this  service.  An  HF 
service  is  provided  between  embassies  and  missions  in  various  countries  as  well 
as  directly  to  the  home  country.  The  radio  facility  is  usually  located  in  the 
embassy  or  mission  building  with  the  antennas  moiinted  on  the  roof.  The  physical 
environment  restricts  types  of  antennas  that  can  be  used  on  the  buildings  and 
the  high  RF  noise  levels  in  urban  areas  can  seriously  degrade  the  HF  service. 
Antennas  should  be  of  a  low  profile  to  avoid  destruction  in  case  of  internal 
conflict  in  the  country.  Telephone  operations  and  private  companies  are  also 
major  users  of  the  fixed  service.  The  HF  service  is  provided  to  isolated  or  re¬ 
mote  areas  where  more  reliable  services  are  not  presently  available.  Generally 
the  traffic  carried  is  low  capacity  and  limited  resources  are  provided  by  the 
user  to  improve  the  system.  In  many  cases  small  companies  use  HF  to  avoid  cost 
of  long  distance  telephone  charges  of  the  carrier  networks.  In  many  mining  and 
exploration  operations,  HF  radio  is  used  in  the  initial  stages  of  development 
of  their  operation  because  of  the  length  of  time  it  takes  to  establish  i  regular 
telephone  service  using  microwave  relays  or  land  lines. 

Mobile  Services 

A  service  of  HF  communications  between  mobile  and  land  stations  or  between  mobile 
station  such  as  aircraft  or  ships; 

The  bands  available  for  these  services  are  very  congested  and  the  performance 
of  the  systems  vary  depending  on  the  prioity  the  user  places  on  the  need  for  re¬ 
liable  communications.  Aeronautical  mobile  services  are  required  by  airlines 
providing  regional, national  and  international  flights.  For  smaller  ailine  com¬ 
panies  the  radio  equipment  is  inexpensive  and  performance  rather  marginal.  For 
airlines  with  national  and  international  services  the  aeronautical  land  based 
stations  and  equipment  is  of  a  high  quality  and  the  performance  is  satifactory 
to  the  user.  However,  the  HF  service  is  not  generally  used  when  other  more  re¬ 
liable  radio  services  are  available  in  the  area.  Many  areas  of  the  world  have 
limited  radio  services  outside  the  use  of  the  HF  band.  The  mobile  service  also 
provides  communication  between  coast  stations  and  ships  or  between  ships.  The 
ground  wave  mode  of  propagation  enables  communication  over  large  distances  along 
coastal  regions  as  compared  to  the  use  of  the  higher  frequencies.  The  range  for 
skywave  communications  varies  from  a  few  miles  to  distances  half  way  around  the 
world.  Depending  on  the  size  of  the  ship  and  its  operation,  there  is  often  a 
requirement  for  highly  reliable  communications  back  to  home  base. 

Amateur  Service 

A  service  of  self  training,  intercommunication  and  technical  investigations 
carried  on  by  amateurs,  that  is,  by  duly  authorized  persons  interested  in  radio 
techniques  solely  with  a  personal  aim  and  without  pecuniary  interest. 

The  portions  of  the  HF  band  reserved  for  amateur  usage  are  always  congested. 
Because  of  the  large  market  for  equipment  by  this  group,  new  techniques  are 
often  tested  on  and  by  this  group  and  if  successful  are  later  incorporated  into 
com/nercial  equipment. 
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HF  SYSTEM  DESIGN  PRINCIPLES 
by 

M, Darnel  1 
Senior  Lecturer 
Department  of  Electronics 
University  of  York 
Hesl i ngton 
York  YOl  5DD 
UK 


SUMMARY 

The  lecture  deals  with  the  general  principles  of  HF  communication  system  design, 
using  as  a  framework  a  generalised  communication  system  comprising: 

-  propagation  path 

-  information  source  and  sink 
“  source  encoder/decoder 

-  channel  encoder/decoder 
“  RF  equipment. 

The  basic  properties  of  the  medium  relevant  to  the  design,  control  and  operation 
of  HP  systems  are  considered.  In  particular,  the  problems  of  HF  system  control  are 
examined  in  depth. 

The  lecture  is  intended  to  provide  a  link  between  the  more  detailed  lectures 
concentrating  upon  specific  aspects  of  HF  system  design. 

1.  INTRODUCTION 

In  this  lecture,  the  general  topic  of  HF  system  design  will  be  consider'*d  from 
the  viewpoints  of  present  practice  and  future  trends.  The  tw--  major  aims  of  the 
lecture  are: 

(i)  To  examine  the  fundamental  technical  problems  of  HF  system 

design,  control  and  operation  together  with  potential 
solutions? 

(ii) To  provide  an  introduction  to  the  more  detailed  aspects  of 

HF  system  design  to  be  examined  in  later  lectures. 

The  key  to  the  effective  use  of  the  HF  propagation  medium  is  an  appreciation  of 
its  basic  strengths  and  weaknesses  so  that  a  system  design  can  exploit  the  strengths 
and  minimise  the  effects  of  the  weaknesses.  Above  all,  a  high  level  of  performance 
requiresthat  care  must  be  taken  to  employ  HF  systems  operationally  for  the  types  of 
traffic  and  service  to  which  they  are  well  matched,  and  not  to  impose  "unnatural" 
requirements  for  which  the  medium  is  fundamentally  unsuitable. 

For  convenience,  the  main  strengths  and  weaknesses  of  the  medium  are  summarised 
in  Table  1  below: 


Table  I 


Strengths 

(a)  The  ionosphere  is  a  robust  propagation  medium  which  recovers 
rapidly  after  major  perturbations,  eg  polar  cap  events 
(PCE's),  sudden  ionospheric  disturbances  (SID's)  and  high 
altitude  nuclear  bursts. 

(b)  Long-term  (monthly  mean)  propagation  parameters  are 
predictable  with  reasonable  accuracy. 

(c)  Each  communication  link  exhibits  unique  characteristics,  eg 
fade  rates  and  depths,  multipath  structure,  noise  levels, 
etc,  which  potentially  can  be  used  to  isolate  that  path  from 
the  effects  of  other  transmissions  in  the  HF  band. 

(d)  Only  simple  equipment  and  operating  procedures  are  necessary 
to  achieve  access  to  the  medium. 

(e)  Equipment  costs  are  low  in  comparison  with  those  of  other 

types  of  long-range  communications  systems. 


i 
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Table  1  (continued) 


Weaknesses 

(a)  The  ionosphere  is  subject  to  sudden  unpredictable 

disturbances  such  as  the  PCE's  and  SID*s  mentioned  above. 

(b)  Although  the  long-term  parameters  of  the  propagation  path 

are  relatively  predictable,  significant  departures  from  such 
predictions  can  be  expected  in  the  short-term  (day-to-day). 

j  (c)  Levels  of  manmade  interference  are  high,  particularly  at 

1  night,  and  the  nature  of  such  interference  is  inadequately 

I  characterised. 

(d)  A  high  level  of  system  availability  and  reliability  requires 

i  considerable  user  expertise  in  manually-controlled  systems. 

(e)  The  available  capacity  of  a  nominal  3  kHz  HF  channel  is 

limited  to  a  maximum  of  a  few  kbits/s  ;  data  rates  of,  at 
j  most,  a  few  hundreds  of  bits/s  are  more  realistic  if  high 

1  levels  of  availability  and  reliability  are  necessary. 


One  of  the  main  problems  associated  with  the  operation  of  current  HF  systems  is 
that  they  are  employed  primarily  to  pass  traffic  at  a  constant  rate  -  even  up  to  2.4 
kbits/s  and  above  -  in  the  same  way  as  with  line  circuits  or  other  less  dispersive 
media.  However,  as  will  be  shown  later,  the  capacity  of  an  HF  skywave  link  is 
constantly  varying  over  a  wide  range  which  Ideally  requires  adaptation  of  the  signal 
parameters  and/or  signal  processing  procedures  in  accordance  with  the  available 
capacity  at  any  time.  Two  factors  preventing  this  form  of  adaptation  at  the  present 
time  are: 

(i)  The  slow  reaction  time  of  manually-controlled  systems? 

(ii) The  lack  of  an  adequate  real-time  model  for  propagation  and 

manmade  interference. 

Methods  of  overcoming  these  restrictions  by  improved  HF  system  design  are  discussed 
in  this  paper. 

2.  HF  SYSTEM  CC'NTROL 

The  techniques  necessary  for  the  effective  control  of  HF  communication  systems 
are  essentially  the  same  as  those  which  have  already  been  developed  within  the 
discipline  of  automatic  control.  Two  communications  scenarios  which  are  encountered 
in  practice  are  illustrated  in  Figs.  1(a)  and  Kb).  Fig.  1(a)  shows  a  open  loop 
situation  in  which  there  is  no  feedback  path  between  receiver  and  transmitter,  whilst 
Fig.  Kb)  shows  a  closed  loop  situation  in  which  such  a  path  does  exist.  Ideally,  the 
aim  of  the  control  procedure  should  be  to  make  the  transmitted  signal  x(t)  and  the 
received  signal  y(t)  identical.  In  both  cases,  before  any  form  of  optimal  or  sub- 
optimal  control  can  be  applied  to  achieve  the  desired  purpose  of  the  system,  it  is 
necessary  to  characterise  the  propagation  path  in  order  to  produce  an  appropriate 
model  for  use  in  the  control  algorithm,  ie  the  path  must  be  "identified". 

For  the  open  loop  system  this  can  be  achieved  in  two  ways: 

(i)  By  using  a  priori  knowledge  of  the  nature  of  the  path,  '^g 
from  previous  practical  experience  and  via  off-line 
propagation  analysis  programs; 

(ii)  By  multiplexing  channel  probing  signals  with  the  traffic 
signals  so  that  the  receiver  can  derive  information  to  model 
the  path  and  hence  can  adjust  its  parameters  accordingly. 

In  the  closed  loop  system,  the  feedback  link  enables  information  extracted  from 
the  transmitted  probing  signals  to  be  used  to  characterise  the  path  and  then  to  be 
passed  back  to  the  transmitter  to  allow  its  parameters  to  be  varied  adaptively.  The 
process  of  probing,  or  identifying,  the  channel  is  known  as  real-time  channel 
evaluation  (RTCE)  and  is  discussed  in  detail  in  a  subsequent  lecture  (Darnell,  1983). 

3.  THE  GENERALISED  COMMUNICATION  SYSTEM 

Fig,  2  shows  the  elements  of  a  generalised  communication  system.  To  illustrate 
the  functions  of  the  indvidual  elements  of  Fig. 2,  an  example  of  a  digitized  speech 
communication  system  will  be  considered. 

The  average  information  content  of  human  speech  is  relatively  low  -  comparable 
with  that  of  a  low-speed  teleprinter  link  (50  -  100  bits/s).  However,  if  PCM  is 
applied  to  the  speech  waveform,  typically  a  digitised  rate  of  64  kbits/s  will  be 
necessary  for  toll  quality  speech  reproduction.  The  contrast  between  the  100  bits's 
information  rate  and  the  64  kbits/s  PCM  rate  is  marked  and  is  due  to  the  fact  that 
natural  speech  reproduction  requires  the  transmission  of  many  more  parameters  than 
simply  its  information  content,  eg  loudness,  pitch,  intonation,  etc.  It  is  possible 


todiiitis*^  A*  1  rit*^irjch  l^^ssthan  64  kbits's  and  still  to  obtain  acceptable 
quality  by  employinq  a  more  efficient  model  of  speech  production.  PCM  is  a  waveform 
encfxiinq  teohr.iqu*'  whi  'h  li  ?i*:ises  a  4  kHz  wide  speech  bandwidth  without  regard  to 
any  spe*^ch  ^er-ration  me:‘hanisms.  Vocoders  are  systems  which  achieve  lower 
digitisation  rat»>s  hy  m''>i»^lling  r  h*^  m»^*chanisms  of  speech  production  more  accurately. 

3.1  Sc)urC"  fcncixler  L-ec^vier 

Much  of  *:  r ‘'dun  dan  sp***'cn  js  deterministic,  le  its  form  is  predictable; 
this  allows  Its  }  tential  or  r-;*moval.  A  generalised  source  encoder  has  the 
function  of  r-^dunnq  the  r*'d.  u  in  >  in  an  information  source  signal,  as  shown  in  Fig. 

3.  Perfect  source  -‘ncodin.j  w  i i  in  ^2  being  zero  and  thus  I  would  be  a 
completely  un  pr  ed  i  c  t  at  1  r  *nd'  m  >  ia'a  stream  which  could  not  be  compressed  further. 
In  practice,  efficient  s-^ur'e  •nc-'niing  m  a<-‘s  H2  Rj. 

A  specifie  .-xample  uf  a  scur'»*  encoder  for  speech  is  a  "formant"  vocoder 
analyser.  The  forman*^  m«xlel  spee.'h  depends  upon  the  fact  that  a  particular  speaker 
will  tend  to  have  4  or  '>  spec»tal  regions  in  which  the  energy  of  speech  is 
conc>*nt rat ed.  These  high  energy  regions  correspond  physically  to  resonances  of  the 
vocal  tract/cavity  and  a  typical  bas‘^band  speech  spectrum  might  appear  as  illustrated 
in  Fig,  4.  The  vocal  f ract  cavity  is  tnerefore  modelled  in  terms  of  the  parameters  of 
4  or  S  resonant  circuits.  The  centre  frequencies  and  response  amplitudes  of  the 
circuits  will  vary  within  d<“fined  ranges  and  the  values  of  these  parameters  are 
sampled  at  regular  intervals,  digitised  and  formatted,  together  with  digitised  values 
of  pitch  and  an  indication  as  to  whether  the  sound  at  the  sampling  instant  is  voiced 
or  unvoiced.  The  overall  data  rate  required  to  specify  the  digitised  speech  by  means 
of  the  parameters  of  the  formant  model  is  normally  in  the  range  1.2  -  2.4  kbits/s, 
thus  representing  a  considerable  redaction  in  comparison  with  the  64  kbit-'S  directly 
digitised  PCM.  Other  vocoder  models  allow  a  similar  reduction  in  rate  to  be  achieved. 
Th'is,  some  knowledge  of  the  mechanism  of  speech  production  enables  source  encoding 
procedures  to  be  developed  which  can  remove  much  of  the  redundancy  of  speech.  At  the 
receiver  site,  the  source  decoder  employs  a  formant  synthesiser,  based  upon  the  same 
speech  generation  model,  to  which  the  decoded  parameter  values  are  applied  to 
reintroduce  the  de term i ni st ic  redundancy  and  hence  reconstitute  an  estimate  of  the 
original  source  speech  waveform.  Fig.  5  shows  the  operation  of  the  source  decoder 
di agramat i ca 1 ly . 

3.2  Channel  Encoder/Decoder 

The  function  of  the  channel  encoder  in  Fig.  2  is  to  add  redundancy  to  the 
compressed  source  encoder  output,  as  shown  in  Fig.  6.  At  first  sight,  the  addition  of 
more  redundancy  seems  counter-productive  since  the  source  encoder  has  just  been 
employed  to  reduce  redundancy  in  the  source  signal.  However,  Rj  is  now  of  a  form 
speciHcally  designed  to  combat  the  types  of  noise  and  perturbation  likely  to  be 
encountered  during  transmission  over  the  propagation  path,  eg  error  protection  coding 
-  as  illustrated  in  Fig,  7,  In  the  formant  vocoder  system  under  consideration,  a 
compressed  source  rate  of  1.2  kbits/s  at  the  output  of  the  vocoder  analyser  might 
typically  be  expanded  to  2,4  kbits/s  by  the  addition  of  parity  check  digits,  thus 
allowing  various  transmission  error  patterns  to  be  detected  and  in  some  cases 
corrected.  A  composite  diagramatic  representation  of  the  processes  of  source  and 
channel  encoding,  showing  the  relative  compression  and  expansion  of  data  rate  at  each 
stage,  is  given  in  Fig,  8.  In  general,  at  the  receiver  site,  the  channel  decoder 
makes  use  of  the  redundancy  inserted  by  the  channel  encoder  in  order  to  correct  for 
the  various  types  of  transmission  distortions  and  produce  an  estimate  of  the  niodified 
source  signal,  as  shown  in  Fig. 9.  Clearly,  the  more  that  is  known  of  the  channel 
behaviour,  the  more  effective  can  the  channel  encoding/decoding  procedures  be  made  - 
hence  the  requirement  for  channel  identification  or  RTCE.  Th»»  nature  of  the  HF 
channel  will  be  considered  in  more  detail  in  the  following  section  of  the  lecture. 

3.3  RF  uni ts 

The  function  of  the  RF  units  of  the  generalised  communication  system  is  to 
provide  the  interface  between  the  channel  itself  and  the  channel  encoder  and  decoder. 
For  most  types  of  practical  system,  this  interface  will  involve  processes  such  as 
frequency  conversion,  filtering,  amplification,  etc.  The  role  of  the  RF  elements  In 
the  overall  HF  system  design  will  be  discussed  later. 

4.  A  SIMPLIFIED  HF  CHANNEL  MODEL 

In  this  section,  a  qualitative  model  of  the  HF  skywave  channel  is  described  and 
used  as  a  vehicle  on  which  to  base  a  discussion  of  the  design  of  HF  com  rr  uni  cat  i  on 
systems . 

The  problem  of  maximising  the  availability  and  reliability  of  an  HF  system  is 
essentially  involves  the  optimisation  of  a  number  of  system  parameters.  These 
parameters,  which  will  be  classified  as  "primary"  and  "secondary",  are  listed  in 
Table  2  below: 
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Table  2 


Primary  Parameters 

( i ) 

(i  i  ) 

(i  1  i ) 

J 
i 


1  ( i  > 

(  (ii) 

!  (i  li ) 

I  ( iv) 

'  (V) 
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It  is  seen  that  optimisation  of  the  primary  parameters  will  depenci  for  the  most  part 
upon  the  state  of  the  transmission  medium  at  any  tim*»,  whilst  s«^condary  parameter 
optimisation  will  also  depend  upon  many  other  factors,  eg  -equipment  ai'ailable,  type 
of  traffic  required,  etc. 

The  simplified  channel  model  is  based  upon  the  primary  paramo  i-'rs  of  frequency, 
time  and  position/distance,  which  form  the  axes  of  the  diagram  shown  in  Fig.  10.  For 
a  given  HF  system  employing  a  specified  set  of  secondary  param»*t‘^rs,  th**  channel  can 
be  considered  as  giving  rise  to  a  set  of  3-dimensional  transmission  "windows*  in 
which  the  signal  can  be  placed  in  order  to  yield  a  specified  l'>vel  of  fidelity  at  the 
receiver,  eg  in  terms  of  say  data  error  rate  or  speech  i  nt  1 1 1  g  i  bi  1 1 1  y .  The  fidelity 
requirement  can  also  be  interpreted  as  a  minimum  signal-to-noise  ratio  (SNR)  within 
the  windows.  Evidently,  if  the  required  SNR  can  be  achieved  by  simple  optimisation  of 
primary  parameters,  then  Less  attention  need  be  given  to  the  task  of  secondary 
parameter  optimisation. 

In  Fig.  10,  the  times  t2»  tj,etc  are  the  instants  at  which  the  windows 
become  avai  lable  to  the  system  user;  the  values  of  t  and  the  window  durations  At  are 
normally  dictated  by  factors  such  as  fading  c ha r ac t e r i s t i cs ,  diurnal  path 
variability,  atmospheric  noise,  etc.  In  the  frequency  dimension,  Af  represents  the 
frequency  range  open  for  transmission  over  which  the  required  SNR  can  be  maintained; 
again,  Af  is  influenced  by  many  factors  such  as  time  of  day,  season  and  sunspot 
number.  Ad  indicates  the  range  of  distance  or  position  over  which  th*»  transmitter  and 
receiver  locations  can  be  varied,  whilst  again  maintaining  the  specified  received 
signal  fidelity  criterion,  in  practice,  the  available  window  structur*>  would  b»» 
considerably  more  complex  than  that  shown  in  Fig,  10:  multiple  windows  in  both  f  and 
d  dimensions  could  well  exist  for  a  given  value  of  t  -  as  illustrated  in  Fig.  ll. 
Also,  for  the  sake  of  simplicity,  regularly-shaped  windows  are  shown  in  Figs.  10  and 
11;  in  reality,  the  windows  would  tend  to  be  i  rregularly-shaped  volum»?s. 

As  the  required  SNR  is  increased,  the  windows  available  for  transmission  will 
tend  to  reduce  both  in  numbe  r  and  volume.  Adecrease  in  the  requi  red  SNR  would  result 
in  an  increase  in  window  dimensions  causing  many  of  the  windows  to  merge  together 
until,  for  very  low  SNR's  (eg  for  manual  morse  telegraphy),  they  may  well  persist  for 
many  hours  along  the  t  axis.  For  transmission  rates  of  a  few  kbits/s,  the  window 
durations  may  on  occasions  be  only  a  few  seconds,  or  even  milliseconds. 

4.1  Effects  of  Noise  and  Interference  in  the  Model 

The  simplified  channel  model  described  previously  can  be  extended  to  incorporate 
the  effects  of  natural  noise  and  manmade  interference.  In  the  same  way  as  the 
communications  t r an sm i t te r /rece i ve r  system  gives  rise  to  transmission  windows  as 
shown  in  Pig.  11,  the  path  from  a  noise  source  or  interferina  transmitter  to  th-' 
communications  receiver  will  also  have  associated  transmission  windows. 

The  problem  for  the  designer  and  operator  of  a  communication  system  is  thus  to 
minimise  the  probability  of  coincidence  between  noise/interference  and  commun i ca t i  on 
windows.  If  partial  or  complete  coincidence  does  occur,  there  is  a  possibility  that 
the  communications  traffic  will  be  disrupted,  ie  the  received  SNR  will  be  degraded. 
Fig.  12  shows  a  situation  where  partial  coincidence  between  a  communi cat i ons  window 
and  an  interfering  signal  window  occurs,  thus  effectively  reducing  the  volume  of  the 
window  available  to  the  communicator. 

The  remainder  of  this  lecture  will  now  be  devoted  to  a  discussion  of  HF  system 
design  methods  which  can 

(i)  Maximise  the  size  of  the  communications  windows 

and 

(ii)  Minimise  the  probability  of  any  coincidence  between 
noi se/i nterf erence  and  communications  windows. 

These  design  techniques  will  be  discussed  in  the  context  of  the  primary  and  secondary 
parameters  defined  previously. 


Operating  frequencies 

Transmission  start  time(s)  and  duration(s) 

Geographical  location  of  the  transmitter  and  receiver 
terminals  -  should  this  not  already  be  det-»rmined  by 
other  considerations 

Secondary  Parameters 

System  control  strategies 
Source  encoding/decodi ng  algorithms 
Channel  encodi ng/decodi ng  a  Igor i t hms 
Radiated  power  levels 
Antenna  characterist ics 


4- 


5.  PARAMETER  OPTIMISATION  AND  SYSTEM  DESIGN 

In  the  majority  of  existing  HF  systems,  the  extent  to  which  any  parameter 
optimisation  can  be  carried  out  is  severely  limited  by  the  basic  system  archi tecture. 
From  the  nature  of  the  channel  model  presented  in  Section  4,  it  is  obvious  that  the 
HP  path  will  have  an  information  carrying  capacity  which  will  vary  with  time  over  a 
wide  range  -  a  characteristic  already  noted  in  Section  1.  This  can  be  seen  by 
considering  the  classical  expression  for  the  maximum  error-free  transmission 
capacity,  C,  for  a  channel  having  total  bandwidth  B  Hz,  signal  power  S  and  noise 
power  N: 


C  =  B  log2  (  1  +  S/N  ]  bits/s  (1) 

All  of  the  three  parameters  B,  S  and  N  as  observed  at  the  communications  receiver 
will  be  functions  of  the  three  primary  parameters  of  frequency',  distance  and  time  - 
assuming  a  fixed  set  of  secondary  parameters.  Normally  the  position  of  the  transmitter 
and  receiver  terminals  will  be  determined  by  logistic  or  other  factors,  and 
therefore  only  the  frequency  and  time  variability  need  be  considered.  An  exception  to 
this  si mpl i f ica t i on  is  a  system  employing  geographical  diversity  with  a  number  of 
spaced  receiving  stations  where  distance  is  an  important  parameter  to  be  taken  into 
account;  the  benefits  of  this  form  of  diversity  will  be  discussed  later  in  this 
lecture.  If  distance  variability  is  neglected,  expression  <1)  can  be  modified  to  give 
the  channel  capacity  at  any  instant  as: 


C 


[  I  +  S(f)/N(f)  1  df 


bi t  s/s 


(2) 


and  the  total  maximum  error-free  information  throughput,  I,  In  a  time  interval 
t  hus : 


T  i  s 


=  J^c  at  = 


1  ♦  S(f  ,t  )/N(f  ,t )  )  d'  dt  bits 


(  3) 


Expression  (3)  is  still  approximate  in  that  it  represents  the  information  throughput 
for  a  memoryless  channel:  in  practice,  HF  channels  may  have  memory  in  the  form  of 
multipath.  However,  expression  (3)  serves  to  illustrate  the  potential  variability  of 
the  transmission  capacity  of  an  HF  channel. 


To  clarify  the  concept  of  the  variable  capacity  channel  farther,  Fig.  13 
illustrates  one  possible  physical  mechanism  giving  rise  to  such  a  variation:  the 
magnitudes  of  two  multipath  component  modes  for  the  wanted  signal  are  shown  as 
functions  of  time  and  frequency,  together  with  the  amplitude  of  an  unwanted 
interfering  signal.  The  fading  characteri st ics  of  the  three  signals  are  assumed 
independent  in  both  time  and  frequency,  to  the  extent  that  either  of  th*^  wanted 
signal  modes  or  the  interfering  signal  may  be  dominant.  When  one  wanted  signal 
component  has  a  significantly  greater  amplitude  than  either  the  other  wanted  signal 
component  or  the  interfering  signal,  the  possibility  exists  for  relatively  high 
quality,  quasi  single  mode  reception  -  albeit  for  a  short  tim»»  interval  -  as 
indicated  by  the  "window"  shown  in  Fig.  13. 

It  is  interesting  at  this  point  to  note  a  degree  of  similarity  between  HF 
channels  and  meteor  burst  paths  (Bartholomi/  and  Vogt,  1  968).  Communication  using 
ionised  meteor  trails  can  take  place  only  for  short  periods  of  time  (typically  O.S  - 
1  s)  when  a  usable  trail  occurs;  the  time  between  the  occurrence  of  such  trails  is 
relatively  long  -  of  the  order  of  30  -  60  s.  However,  when  the  path  does  exist  high 
rate  transmission  is  possible  since  the  propagation  is  essentially  single  mode.  The 
HF  propagation  model  described  previously  also  gives  rise  to  high  capacity  windows, 
as  shown  in  Fig.  13,  but  in  contrast  to  the  meteor  burst  path,  having  zero  capacity 
between  windows,  the  HF  path  has  a  residual,  lower  and  variable  capacity  between 
w 1 ndows . 


The  majority  of  existing  HF  systems  tend  to  operate  at  a  constant  transmission 
rate  with  fixed  bandwidths  and  signal  formats  -  a  situation  which  clearly  forms  a 
fundamental  mismatch  between  the  techniques  employed  and  the  essential  nature  of  the 
propagation  medium.  For  a  constant  transmission  rate,  R,  if  the  range  of  available 
capacities  is  from  to  then,  for  error-free  transmission  to  be  possible 

^  ^  Snin 

Thus,  for  much  of  any  given  transmission  interval,  a  constant  rate  HF  system  will  be 
operating  at  well  below  its  potential  capacity.  This  simple  argument  If^ads  logically 
to  the  concept  of  an  adaptive  system  whose  parameters  can  change  in  response  to 
changes  in  available  capacity.  However,  if  constant  rate  transmission  is  mandatory, 
the  source  and  channel  encoding  procedures  must  be  made  adaptive  to  counter  changes 
in  the  received  SNR.  The  practical  design  implications  of  adaptive  operation  are 
discussed  in  the  following  two  sections  dealing  with  primary  and  secondary  parameter 
optimisation. 


5.1  Primary  Paramet»?r  Optimisation 

In  order  to  achieve  a  certain  HF  transmission  capacity  reliably,  it  is  important 
to  be  able  to  monitor  and  select  appropriate  values  of  the  primary  parameters  of 
frequency,  time  and  di stance/posi tion.  In  this  way,  usable  transmission  windows  can 
be  selected  and  matched  to  the  type  of  traffic  which  it  is  required  to  pass.  Having 
optimised  the  process  of  primary  parameter  selection,  the  secondary  parameters  of  the 
system  can  also  be  optimised  -  the  topic  considered  in  Section  5.2  of  this  lecture. 

As  has  been  indicated  previously,  the  position  and  separation  of  the 
communication  system  transmitting  and  receiving  terminals  will  normally  be  determined 
by  factors  other  than  the  characteristics  of  the  propagation  path;  thus,  the  problem 
of  primary  parameter  optimisation  reduces  to  one  of  selecting  values  of  frequency  and 
transmission  time  for  the  given  path.  This  selection  procedure  can  be  implemented  by 
employing  some  form  of  RTCE  (Darnell,  1983).  RTCE  procedures  have  been  developed  for 
both  the  open  loop  and  closed  loop  scenarios  introduced  in  Section  2.  Currently, 
however,  RTCE  techniques  are  only  designed  to  monitor  and  select  the  best  of  a  set  of 
alternative  transmission  channels  at  a  specified  time;  in  general,  they  are  not  well 
matched  to  the  task  of  monitoring  the  short-term  time  variability  of  those  channels. 
Thus,  in  the  context  of  the  simplified  HF  channel  model  postulated  in  Section  4, 
current  RTCE  algorithms  search  for  transmission  windows  which  are  likely  to  persist 
for  the  complete  duration  of  a  fixed  constant  rate  transmission;  at  the  same  time, 
they  attempt  to  minimise  the  long-term  overlap  between  communication  and 
no  i  se/ i  n  t»»r  f  erence  windows. 

In  future,  since  the  utilisation  of  the  HF  medium  will  remain  at  a  relatively 
high  level,  or  even  increase,  more  emphasis  must  be  given  to  the  development  of  RTCE 
systems  which  enable  the  available  capacity  of  the  medium  to  bo  used  more  effectively 
by  monitoring  the  shorter-term  time  fluctuations  of  a  set  of  assigned  HF  channels. 
This  RTCE  data  could  then  be  used  in  the  control  of  an  adaptive  transmission  rate 
system  in  which  the  transmission  rate  at  any  time  could  be  matched  more  accurately  to 
the  available  capacity.  To  implement  this  form  of  channel  monitoring  economically,  it 
would  bo  necessary  to  time/frequency  multiplex  RTCE  probing  signals  and  measurement 
periods  with  the  traffic  signals,  possibly  with  the  input  data  stream  being  buffered 
during  the  probing/measurement  intervals. 

One  of  the  main  disadvantages  of  RTCE  systems  as  currently  implemented  is  that 
they  art?  separate  from  the  communication  systems  which  they  are  designed  to  support; 
they  require  dedicated  and  expensive  units  which  are  comparable  in  cost  to  the  units 
of  the  communication  system  itself.  The  future  trend  should  be  for  RTCE  to  be 
integrated  into  the  communication  system  design  and  hence  to  employ  the  same  basic  RF 
and  signal  processing  equipment.  Also  RTCE  in  the  form  of  ionospheric  sounding,  in 
which  energy  is  radiated  across  a  major  portion  of  the  HF  spectrum,  should  be 
restricted  to  the  purposes  of  ionospheric  research  and  not  employed  to  support 
communication  systems.  Rather,  integrated  communication  and  RTCE  systems  operating 
only  in  assigned  channels  should  be  developed.  In  this  way,  the  spectral  pollution 
associated  with  dedicated  RTCE  systems  would  be  minimised. 

5.2  Secondary  Parameter  Optimisation 

Assuming  that  RTCE  has  been  employed  to  optimise  the  primary  parameters  of  the 
HF  system,  design  and  control  techniques  for  optimising  the  secondary  parameters  of 
the  system  will  now  be  considered  by  reference  to  the  elements  of  the  generalised 
communication  system  introduced  in  Section  3  and  shown  in  Fig,  2. 

(a)  System  Control  Strategies 

It  should  again  be  emphasised  that,  in  the  system  control  context,  RTCE 
represents  the  process  of  identification,  or  modelling,  which  must  take  place  before 
optimal  control  can  be  applied.  Clearly,  the  path  parameters  are  time  varying  and 
thus  any  control  algorithm  needs  to  be  adaptive  in  response  to  such  changes.  If 
manual  control  procedures  are  used,  response  times  will  be  at  best  a  few  tens  of 
seconds  and  there  will  be  no  chance  of  the  system  being  able  to  utilise  relatively 
short  duration,  high  capacity  transmission  windows  (analagous  to  the  meteor  burst 
situation),  RTCE,  however,  provides  the  essential  information  to  enable  the  system 
control  procedures  to  be  automated  -  hence  potentially  providing  a  greatly  improved 
response  time. 

The  majority  of  HF  systems  operate  in  a  closed  loop,  or  2-way,  mode.  In  addition 
to  RTCE,  the  control  of  this  type  of  system  requires  the  ability  to  be  able  to 
transfer  information  concerning  reception  conditions  between  receiver  and  transmitter 
sites,  ie  the  provision  of  a  high  integrity  engineering  order  wire  (EOW)  facility.  It 
is  a  fundamental  requirement  of  such  an  EOW  that  it  should  be  capable  of  passing  the 
essential  control  data  reliably  for  a  short  interval  after  the  quality  of  the 
received  traffic  has  deteriorated  to  an  unacceptably  low  level  due  to  changes  in 
channel  conditions.  The  transmission  rate  required  of  an  EOW  normally  will  be 
considerably  lower  than  that  of  the  traffic  channel,  thus  enabling  robust  channel 
encoding  (modulation  and  coding)  procedures  to  be  adopted  for  protection  of  the 
system  control  data. 


The  system  control  procedures  should  also  allow  for: 
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(i)  Continuous  checking  of  traffic  quality:  an  automatic  repeat 
request  (ARQ)  technique  would  be  suitable  for  this  purpose. 

(ii)  Automatic  re-establishment  of  the  circuit  should  contact  be 
lost:  probably  based  upon  the  use  of  back-up  accurate  time 
and  frequency  transmission  schedules. 

In  the  case  of  an  open  loop  configuration  with  no  EOW  available,  eg  a  broadcast 
system,  the  potential  for  adaptive  operation  is  relatively  limited.  All  adaptation 
must  be  carried  out  at  the  receiver  in  response  to  RTCE  data  embedded  in  the 
transmitted  signal.  Receiver  processing  techniques  such  as  equalisation,  adaptive 
filtering,  diversity  combination  of  two  or  more  independent  versions  of  the 
transmitted  signal,  antenna  null  and  beam  steering,  etc  are  relevant  in  this 
si tuat ion . 

From  the  preceding  discussion,  it  is  evident  that  automatic  HF  system  control 
requires  the  application  of  considerable  information  processing  power.  Therefore, 
future  HF  communication  systems  will  inevitably  be  processor  based,  with  manual 
intervention  only  in  exceptional  circumstances. 

(b)  Source  Encod i n g /Decod i nq  Algorithms 

The  function  of  the  source  encoder  shown  in  Fig.  2  is  to  compress  or  modify  the 
basic  source  data,  ie  to  reduce  its  redundancy.  In  the  case  of  low  rate  telegraphy 
data  and  analogue  speech,  the  requirement  for  source  encoding  is  minimal  since  these 
forms  of  traffic  can  be  transmitted  with  reasonable  fidelity  using  relatively  simple 
channel  encoding  schemes.  However,  ore  of  the  major  technical  problems  associated 
with  HF  communication  which  has  yet  to  be  solved  satisfactorily  is  that  of 
transmitting  digitised  speech  reliably  over  such  a  time-variable  channel.  Existing 
vocoders  typically  operate  at  data  rates  of  between  1.2  and  2.4  kbits/s:  at  such 
rates,  reliable  HF  transmission  cannot  be  guaranteed  and, indeed,  in  spectrally 
congested  environments  such  as  the  Central  European  region,  it  is  improbable  that  a 
satisfactory  grade  of  service  can  ever  be  achieved  -  particularly  at  night. 

Two  options  present  themselves:  first,  users  must  accept  that  secure/digitised 
speech  cannot  be  transmitted  reliably  over  the  majority  of  HF  channels  -  a  situation 
which  is  operationally  unacceptable;  secondly,  more  sophisticated  speech  source 
encoding  and  system  management  schemes  must  be  developed  to  give  an  average 
transmission  rate  not  exceeding  a  few  hundreds  of  bits/s.  The  latter  option  may  not 
be  achievable  in  the  shorter  term  without  resorting  to  buffering  of  the  input  speech 
and  subsequent  transmission  at  a  lower  rate  over  an  extended  period  of  time,  thus 
involving  the  system  users  in  significant  waiting  times  until  the  data  has  been 
passed . 

In  general,  one  of  the  most  effective  contributions  which  the  system  user  can 
make  to  transmission  reliability  is  to  minimise  the  amount  of  traffic  to  be 
transmitted  over  a  given  period  by  the  communications  system,  which  is  in  itself  the 
most  fundamental  form  of  source  encoding.  This  then  enables  greater  protection  to  be 
applied  to  the  residual  data  by  more  powerful  channel  encoding  procedures. 

(c)  Channel  Encoding/Decoding  Algorithms 

The  channel  encoder  shown  in  Fig.  2  is  intended  to  condition  the  compressed  or 
modified  data  from  the  source  encoder  so  that  it  can  withstand  the  noise  and 
perturbations  likely  to  be  encountered  during  transmission  over  the  channel.  The 
channel  encoding/decoding  techniques  which  offer  promise  of  economic  and  effective 
implementation  with  variable  capacity  HF  sytems  will  now  be  examined. 

Diversity  Processing 

Diversity  processing  at  HF  can  potentially  provide  a  significant  improvement  in 
the  effective  received  SNR.  Fig.  14  shows  the  theoretical  improvement  in  the  SNR  in 
dB  for  a  dual  diversity  system  in  comparison  with  a  non-diversity  system  as  a 
function  of  bit  error  rate  (BER)  under  Rayleigh  fading  conditions  with  additive 
Gaussian  white  noise  (GWN).  Clearly, in  a  practical  dual  diversity  combining  system,  a 
performance  improvement  of  10  dB  in  received  SNR  is  achievable. 

When  the  traffic  signal  is  transmitted  on  more  than  one  frequency 
simultaneously,  frequency  diversity  combining  can  be  employed  at  the  receiver 
providing  that  the  separation  between  frequencies  is  great  enough  to  ensure  that  the 
received  components  behave  independently  in  terms  of  their  fading  characteristics 
(Alnatt  et  al,  1957). 

It  is  well  established  that,  if  the  receiving  antennas  are  appropriately 
separated,  space  diversity  can  provide  one  of  the  most  effective  ways  of  enhancing  HF 
system  performance.  If  space  diversity  is  not  feasible,  polarisation  diversity  can  in 
some  situations  be  used  as  a  somewhat  less  efficient  alternative. 

Time  diversity  (McCarthy,  1975)  and  the  related  technique  of  interleaving 
(Douglas  fc  Hercus,  1971)  have  been  shown  to  be  effective  in  combatting  burst  errors 
due  to  interference  and  fading.  However,  the  improvement  in  performance  is  only 
achieved  at  the  expense  of  greater  transmission  bandwidth  and  increased  processing 
time. 
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If  an  HF  communication  system  is  structured  appropriately,  geographical 
diversity  in  which  several  versions  of  the  transmitted  signal  are  received  at  widely 
separated  receiving  sites  can  potentially  provide  one  of  the  most  effective  counters 
to  propagation  fluctuations  and  interfering  signals.  The  probability  of  iacerfecir.g 
signal  windows  coinciding  with  communication  windows  for  all  links  in  a 
geographically  dispersed  network  of  the  type  shown  in  Fig.  15  is  relatively  small 
compared  with  the  coincidence  probability  for  any  single  link  in  the  network. 
However,  combination  of  the  received  signals  to  produce  an  overall  maximum  likelihood 
estimate  of  the  transmitted  signal  does  require  that  there  are  reliable 
interconnections  between  the  various  sites  -  a  situation  which  will  only  apply  in 
sophisticated  networks  where  HF  is  one  component  of  an  integrated  mix  of 
communications  techniques. 

Signal  Processing  Techniques 

As  has  been  indicated  previously,  signal  processing  in  existing  HF  systems  tends 
to  be  relatively  simple  and  based  upon  the  premise  of  non-adapt  i ve,  constant  rate 
iperation.  If  variable  rate  operation  is  contemplated,  a  fresh  consideration  of 
potential  signal  processing  techniques  is  necessary.  Those  procedures  which  appear  to 
offer  promise  are  now  outlined  briefly. 

Adaptive  filtering  at  the  receiver:  in  which  the  parameters  of  baseband  or  IF 
receiver  filters  are  modified  to  counter  changes  in  the  nature  of  interfering  signals 
in  the  communication  channel. 

Quenched  filtering:  applied  to  a  synchronous  transmission  system  enables  a 
receiver  Filter  to  be  opened  to  receive  a  wanted  signal  only  over  the  intervals  when 
that  signal  is  expected  to  be  present,  as  illustrated  in  Fig.  16.  In  this  way,  the 
filter  is  not  initialised  by  noise  or  interference  and  the  detection  decision  is  made 
when  the  detector  output  SNR  can  be  expected  to  be  a  maximum.  This  type  of  detection 
scheme  is  used  in  the  PICCOLO  system  (Bayley  &  Ralphs,  197  2>,  For  a  given  form  of 
modulation,  if  synchronous  or  coherent  detection  can  be  applied,  a  significant 
improvement  in  system  performance  can  be  achieved. 

Soft-decision  decoding  implies  that  a  “hard"  detection  decision,  say  1  or  0,  is 
augmented  by  information  concerning  the  confidence  level  associated  with  that 
decision,  eg  based  upon  signal  amplitude,  phase  margin,  etc.  When  coupled  with  error 
protection  coding,  soft-decision  decoding  can  enhance  the  performance  of  a  basic 
detection  system  substantially  (Chase,  1973). 

Possibly  one  of  the  most  powerful  techniques  for  use  in  a  high  interference 
environment  is  that  of  correlation  reception.  For  this,  sets  of  relatively  long 
sequences  with  approximately  impulsive  autocorrelation  functions  are  required  so  that 
matched  filtering  can  be  applied  at  the  receiver.  Sequences  with  suitable 
autocorrelation  properties  also  allow  RTCE  data,  say  in  the  form  of  a  channel  impulse 
response,  to  be  extracted  conveniently  (Darnell,  1983). 

Bearing  in  mind  the  variable  nature  of  HF  channel  capacity  discussed  previously, 
it  would  appear  that  some  form  of  "embedded"  data  encoding  would  be  appropriate. 
Here,  several  versions  of  the  source  data,  each  keyed  at  a  different  rate#  would  be 
combined  into  a  single  transmitted  signal  format.  At  the  receiver,  data  would  be 
decoded  at  the  highest  rate  which  the  channel  capacity  at  that  time  would  allow. 
System  control  and  re-alignment  would  be  accomplished  at  intervals  by  an  ARQ 
arrangement  operating  via  the  EOW.  Fig.  17  shows  the  principle  of  this  type  of 
encoding  for  a  transmitted  signal  comprising  three  identical  data  streams,  each 
clocked  at  a  different  rate.  At  the  end  of  every  data  block  in  the  slowest  stream, 
the  receiver  indicates  to  the  transmitter  which  of  the  data  streams  it  has  been  able 
to  receive  successfully  in  the  previous  transmission  interval?  the  transmitter  then 
re-aligns  the  transmitted  data  blocks  accordingly  over  the  subsequent  transmission 
interval.  This  form  of  encoding  has  yet  to  be  developed  and  implemented  for  HF 
applications . 

With  the  advent  of  cheap  and  powerful  computing  capacity,  it  is  now  possible  to 
consider  the  introduction  of  post  reception  processing  a_  the  receiver.  The 
unprocessed  received  signal  could  be  stored,  either  at  a  low  IF  or  baseband,  and  then 
processed  rapidly  off-line  using  different  signal  processing  parameters  and 
algorithms  until  a  best  estimate  of  the  transmitted  signal  is  obtained. 

(d)  Radiated  Power  Levels 

In  the  HF  band,  high  radiated  power  levels  are  undesirable  since  they  tend  to 
cause  spectral  pollution  and  an  increase  in  transmitter  and  antenna  sizes  -  and  hence 
costs.  The  use  of  RTCE  in  optimising  the  primary  parameters  of  an  HF  communication 
system  will  tend  to  reduce  the  necessity  for  higher  radiated  powers  by  selecting 
frequencies  and  transmission  times  for  which  the  received  SNR  is  maximised  and 
interference  avoided.  As  a  general  principle,  system  availability  and  reliability 
should  be  improved  by  the  use  of  RTCE  and  more  effective  signal  processing,  rather 
than  by  transmission  at  higher  power  levels;  the  latter  should  be  held  in  reserve  for 
particularly  vital  links. 

The  RP  units  of  the  system  should  be  capable  of  rapid  frequency  agility  so  that 
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full  advantage  can  be  taken  of  automatic  and  adaptive  system  control  procedures.  The 
ability  to  change  frequency  rapidly  will  also  facilitate  the  RTCE  process  of  finding 
a  channel  with  an  acceptable  SNR.  This  will  eliminate  the  "resistance"  of  system 
operators  to  changing  frequency  except  where  absolutely  essential  and  thus  lead  to 
improved  flexibility  and  lower  radiated  power  levels. 

(e)  Antenna  Characteristics 

Diversity  using  spaced  receiving  antennas  is  an  effective  method  of  improving  HF 
system  performance  and  should,  where  possible,  be  incorporated  into  a  system  design. 
Also,  a  simple  2-element  receiving  antenna  system  can  be  used  to  place  a  null  in  the 
direction  of  an  interfering  signal.  The  depth  of  the  null  will  depend  upon  the 
instantaneous  propagation  conditions,  but  an  average  depth  of  a  few  dB  may  well  be 
achievable  for  skywave  signals.  Against  more  stable  groundwave  interfering  signals, 
the  nulling  procedure  will  be  considerably  more  efficient. 

Again,  the  systematic  use  of  RTCE  and  improved  system  control  procedures  will 
tend  to  reduce  dependence  upon  antenna  characteristics. 

6.  NETWORK  AND  FREQUENCY  PLANNING  CONSIDERATIONS 

In  this  lecture,  attention  has  so  far  been  concentrated  upon  the  design  of 
single  HF  communication  systems.  However,  when  a  network  comprising  many  such  systems 
is  being  considered,  other  important  design  criteria  should  be  addressed.  A  network 
will  typically  comprise  a  mixture  of  groundwave  and  ionospher i ca 1 ly  refracted  skywave 
paths.  At  the  lower  end  of  the  frequency  band,  short-di stance  paths  of  the  type  used 
primarily  for  tactical  communications  will  employ  predominantly  groundwave 
propagation  or  mixed  skywave  and  groundwave  propagation  with  consequent  interference 
between  groundwave  and  skywave  -  particularly  at  night.  Longer  distance  point-to- 
point  circuits  will  only  employ  skywave  modes. 

6.1  Frequency  Sharing  and  Re-Use 

From  the  viewpoint  of  spectrum  utilisation,  it  is  advantageous  to  be  able  to  re¬ 
use  or  share  frequency  assignments  between  circuits  wherever  possible,  ie  to  allocate 
the  same  operating  frequencies  for  simultaneous  use  by  two  or  more  independent  links. 
This  requires  that  there  is  negligible  interference  between  the  links.  Considering 
the  schematic  arrangement  shown  in  Fig.  18(a)  where  two  short-distance  HF  links,  AA' 
and  BB*,  are  separated  by  a  long  HF  path  A"6",  A"  and  S"  being  the  m  id-points  of  the 
two  short-distance  links.  Fig.  18<b)  shows  typical  plots  of  lowest  usable  frequency 
(LUF)  and  maximum  usable  frequency  (MUF)  for  the  three  paths.  The  usable  frequency 
ranges  between  the  LUF  and  MUF  for  each  of  the  three  paths  are  shown  hatched.  If  it 
assumed  that  the  two  short-range  paths  will  employ  groundwave  propagation,  then  th*» 
frequency  chosen  can  be  the  same  providing  that  it  does  not  intersect  the  usable 
skywave  range  for  the  path  A"B*';  the  distance  A"B"  is  too  great  for  any  groundwave 
propagated  interference  to  occur  between  AA'  and  BB'.  In  Fig.  18(b),  two  possible 
groundwave  frequencies,  ^GW(U)'  shown;  the  lower  frequency  is  chosen 
to  be  less  than  the  LUF's  for  the  two  snort-range  paths  to  avoid  the  possibility  of 
interference  between  groundwave  and  skywave.  The  upper  frequency  is  chosen  to  be 
above  the  MUF  for  the  path  A"B"  to  eliminate  skywave  interference  between  the  two 
circuits.  It  should  be  noted  that  the  upper  frequency  will  normally  only  be  usable 
over  very  short  distances  because  of  the  poorer  groundwave  propagation  at  higher 
frequencies;  this  poorer  propagation  is  to  some  extent  offset  by  lower  natural  nois-^ 
levels  at  higher  frequencies. 

If  the  two  short-range  paths  are  of  such  a  length  and  nature  that  only  skywave 
propagation  is  possible,  the  individual  skywave  signals  using  a  common  frequency 
should  again  not  interfere  with  each  other  via  path  A"B".  It  is  usual,  wherever 
possible,  to  operate  skywave  circuits  on  a  ''2-frequency"  basis,  ie  one  frequency  for 
night-time  operation  and  another  for  day-time.  Fig.  18Cb)  also  shows  how  this  type  of 
operation  can  be  arranged  to  fall  within  the  usable  ranges  for  the  two  short  paths 
and  yet  below  the  LUF  for  path  A^B", 

For  any  given  geographical  situation  involving  tactical  short-range  links  separated 
by  relatively  long  distances,  the  above  technique  may  be  applicable.  This  example 
serves  only  to  illustrate  the  potential  value  and  complexity  of  HF  frequency  sharing. 
If  the  terminals  of  the  tactical  circuits  are  mobile,  their  predicted  operational 
areas  must  be  tedcen  into  account  in  any  frequency  sharing  algorithms,  together  with 
any  other  regions  to  which  it  is  desirable  to  restrict  propagation.  The  frequency 
management  of  a  network  of  automatic  and  adaptive  HF  communication  links,  each  having 
integrated  RTCE,  will  be  a  significant  practical  problem.  H  <ever,  the  spectrum 
congestion  in  the  HP  band  is  such  that  the  frequency  management  of  individual 
networks  and  links  must  be  carried  out  in  a  more  co-ordinated  manner,  and  must  be 
considered  at  the  design  stage  of  any  new  system. 

6.2  Frequency  Band  Extension 

Returning  again  to  the  simplified  model  for  HF  propagation  described  in  Section 
4:  a  similar  representation  of  propagation  by  the  mechanisms  of  sporadic  E-layer 
refraction  and  meteor  burst  is  also  valid,  with  the  difference  that  in  these  two 
cases  the  coincidence  probability  between  communication  and  interference  windows  is 
much  less.  RTCE  can  also  enable  the  selection  of  sporadic  E  modes,  which  are 


relatively  localised  phenomena,  thus  tending  to  employ  frequencies  which  are  somewhat 
higher  on  average  than  for  more  conventional  HP  modes.  In  this  situation, 
interference  probabilities  will  be  reduced  significantly. 

Meteor  burst  systems  have  the  advantage  that  the  path  between  com mun i ca t i on s 
transmitter  and  receiver  is  virtually  unique  with  an  extremely  low  interference 
probability.  This  type  of  link,  if  integrated  into  the  HP  system,  could  be  used  for 
EOW  purposes.  Thus,  the  concept  evolves  of  an  HP  type  of  communication  system,  with 
an  operating  frequency  range  of  say  from  2-50  MHz,  which  would  make  use  of  any 
convenient  propagation  mechanism  available  at  the  required  transmission  time. 

7.  CONCLUSIONS 

From  this  introductory  lecture,  covering  current  HP  communication  system  design 
and  future  design  trends,  certain  general  conclusions  can  be  drawn: 

(a)  The  key  to  significant  improvement  in  HP  system  performance 
is  the  effective  incorporation  and  application  of 
appropriate  RTCE  techniques; 

(b)  That  the  design  aim  for  an  HP  system  should  be  to  achieve 

•ihe  desired  level  of  performance  by  the  application  of 
improved  system  control  and  signal  generation/processing 
algorithms,  rather  than  by  the  use  of  traditional 
transmission  techniques,  high  radiated  power  levels  and 
large  antennas; 

(c)  That  the  variable  capacity  of  the  HP  path  should  be 

recognised  and  exploited. 

Against  this  background,  the  major  technical  problems  to  be  solved  in  future  HP 
designs  can  be  identified  as: 

-  The  development  of  RTCE  techniques  which  can  be  integrated 
with  the  communications  function  of  the  system,  employing  a 
common  range  of  RF  and  processing  equipment; 

The  development  of  automatic  system  control  algorithms  and 
associated  processing  equipment; 

The  design  of  adapt! ve/re-conf igurable  signal  generation  and 
processing  equipment  for  use  in  the  variable  capacity 
en vi ronment ; 

The  provision  of  highly-reliable  EOW  facilities  for  system 
control  purposes; 

-  The  development  of  techniques  to  allow  the  transmission  of 
reliable  digitised  speech  over  all  types  of  HP  paths; 

Evaluation  of  the  benefits  of  designing  HP  equipment  to 
cover  an  extended  frequency  range  above  30  MHz  to  exploit 
more  transient  propagation  mechanisms  such  as  meteor  burst; 

Design  techniques  to  minimise  system  operation  and 
maintenance  costs. 
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ARSrRAl  T 

The  lecture  reviews  the  state  of  the  art  in  propaqation  modellinq  and  describes  the  prinriples 
of  radio  frequency  predictions.  As  a  basis  for  the  disctissions,  a  brief  introduction  is  niven  to  tbp 
ionospheric  parameters  of  importance  to  HF-propaqat ion.  Current  methods  for  frequency  prediction  are 
semi-empirical,  that  is  they  depend  upon  a  larqe  data  base  of  ionospheric  observations,  combined  with 
physical  models  of  the  ionosphere  and  of  radio  wave  propanation  throuoh  the  medium.  Tn  addition  models 
of  the  fxiise  and  interference  envirofimeot  must  be  included.  The  lecture  discusses  the  principles  on 
which  the  methods  are  based,  as  well  as  their  limitations,  fyamples  are  qiven  of  the  use  of  predictions 
in  system  planning  and  communications.  The  relative  importance  of  skvwave  and  ground  wave  com¬ 
munications  in  the  HF-band  is  discussed. 


1.  INTROnUFTinN  AND  nUTLINF 

In  spite  of  the  development  of  satellite  communications,  microwave  links  and  other  communication 
techniques,  interest  in  the  high  frequency  band  is  still  strono.  The  HF-band  M-5n  repres»*nts  a 

valuable  natural  resmirce  and  stiould  he  evploited  as  efficiently  as  possible.  The  radio  waves  in  this 
band  can  travel  along  the  earth's  surface,  Njt  onlv  for  limited  distances,  dependinq  upon  the  conduc¬ 
tivity  of  the  ground  or  sea,  ffficient  reflection  of  the  waves  from  the  inni/ed  layers  in  the  u(>per 
atmosphere  makes  HF  radio  t ransmi ssions  over  long  distances  possible.  A  prediction  of  the  performance 
of  a  communicat ion  circuit  must  of  necessity  be  based  upon  a  model  of  the  propaqation  medium,  as  well  as 
of  the  propaqation  process  itself.  The  purpose  of  tha  present  lecture  is  to  review  the  state  of  the  art 
of  such  models,  their  usefulness  and  accuracy.  First  a  brief  introduction  to  the  most  important  pri'- 
ciples  of  ionospheric  radio  propaqat  ion  will  qiv®n.  The  ionospheric  mi^dels  have  been  developed  fri” 
physical  principles  governing  the  formation  of  the  ionosphere  and  a  large  data  base  acquired  thrn« 
many  years  of  measurements.  Roth  the  data  base  and  the  models  will  be  discussed. 

Furthermore  the  principle  of  the  prediction  techniques  will  he  described,  and  how  these  technig.tes 
include  models  of  the  elect romaqnet ic  noise  and  interference  ironment ,  Weaknesses  in  present  predic¬ 
tion  methods  and  possibilities  for  future  improvement,  will  be  pointed  out,  and  finally  evamples  of  the 
use  of  predictions  in  system  planning  and  communications  will  he  given, 

2.  A  RRiFF  iNTRoniirrinN  rn  inNnsPHFRir  paramftfrs  of  importanff  to  HF-ppnPAnATUJN 

Ultraviolet  radiation,  X-rays  and  energetic  particles  from  the  sun  and  interplanetary  space 
interact  with  the  earth's  atmosphere  to  form  the  ionospheric  layers  of  free  electrons  and  ions  in  the 
height  range  Vl-SOO  km  above  the  earth's  surface.  The  free  electrons  in  the  weakly  ionised  innospheric 
plasma  absorb,  refract  #nd  reflect  electromagnetic  waves  over  a  wide  frequency  range.  The  lyhvsics  of 
radio  wave  propagation  in  this  medium  is  now  well  inderstond.  Propagation  can  be  described  bv  the 
magneto- ionic  theory  developed  hy  Appleton  and  Hartree  fPudden  1^60^  In  the  principle,  if  the  proper¬ 
ties  of  the  medium  is  known  precisely,  the  refractive  index  of  an  incident  radio  wave  mav  be  computed 

and  the  phase  and  emplitude  of  the  wave  may  be  found  at  any  point  in  spare.  The  presence  of  the  earth's 

magnetic  field  makes  the  ionosphere  bi refrinqent ,  and  the  spatial  and  temporal  structure  of  the 
ionospheric  layers  may  he  very  complex.  Therefore,  accurate  solutions  to  be  the  wave  equations  renuire 
complex  and  time  consuming  ralculat ions.  Modern  high  speed  computers  have  made  it  possible  gradually  tn 
introduce  more  sophisticated  and  precise  raytracinq  methods,  but  in  practice  the  prediction  methods  are 
still  based  upon  simplified  models  of  the  propagation  process  as  well  as  of  the  medium.  In  this  section 

some  ionospheric  parameters  of  importance  to  HF  propagation  will  be  introduced, 

2,1  Formation  of  the  ionosphere 

Figure  1  shows  a  typical  daytime  height  distribution  N  (h)  of  the  ionospheric  electron  density  and 
indicate  how  a  spectrum  of  energetic  electromagnetic  radiatiBn  from  the  sun  interacts  with  the 
atmospheric  gases  to  form  the  D-,  F-  and  F-reqions  in  the  uidisturhed  ionosphere.  The  figure  also  indi¬ 
cates  the  occasional  presence  of  a  thin  dense  "Sporadic  F-laver",  The  ions  and  electrons  formed  bv  the 
solar  radiation  are  lost  through  recombination,  and  a  simple  form  of  the  continuity  eouation  which 
determines  the  ionization  balance  is: 

dN 

where  ia  the  positive  ion  density  and  is  s  constant,  the  effective  recombination  rate,  %  is  the 

solar  z^ith  angle.  The  height  and  intensity  of  each  layer  varies  in  a  systematic  manner  with  solar 
elevation,  A  first  approximation  to  this  variation  Is  shown  for  a  simple  model  "Chapman"  layer  in 
Figure  2,  In  the  real  atmosphere  many  complex  processes  may  cause  deviations  from  this  simple  model. 

The  two  ionospheric  parameters  of  prime  importance  for  radio  wave  propaqation  are  the  con¬ 
centration  N  of  free  electrons  and  the  average  frequency  v  with  which  an  electron  collides  with 
neutral  molecules  and  ions.  The  collision  freguency  v  is  proportional  to  atmospheric  pressure.  Typical 
height  variations  of  N  ,  v  and  their  product  N  v  are  shown  in  Figure  3. 


2,2  Radio  wave  propaqation  in  the  ionosphere 


The  first  principles  of  high  frequency  propaqation  (nav  be  ijnderstood  by  considering  a  si'^'cle  rase 
in  which  the  earth's  curvature  and  magnetic  field  are  neglected  and  the  ionospheric  lavers  are  horizon¬ 
tally  stratified.  The  ray  path  of  a  radio  wave  mav  then  be  described  by  Snell's  law  of  refraction,  as 
shown  in  figure  A,  where  u  is  the  real  part  of  the  refractive  index  and  is  the  angle  of  incidence 
upon  the  layer  labelled  fM-T.  Then 

y^sinlj^  =  u^sihl^  =  U25inl2...  =  constant  - 


This  means  that  as  the  rav  travels  through  the  slabs  the  rav  direction  changes  in  such  a  wav  that 
usinl  is  constant,  ft  coot  if>uouslv  varying  medium  may  be  ^proximated  bv  many  thin  slabs.  If  the  wave 
IS  incident  upon  the  ionosphere  from  free  space  so  that  Mq  =  1 »  we  have  iisini  =  sml^.  Reflection 
occurs  where  1  =  90®,  so  that  u  =  sinl-.  ftt  vertical  incidence  Iq  =  0  and  the  reflection  condit ion 
becomes  u  =  0,  Magneto-ionic  theory  snows  that,  in  the  simple  case  we  are  dealing  with,  the  refractive 
index  may  be  written 


u  = 


J,.  2 


where  S  is  the  numher  oensitv  of  free  electrons,  m^  the  electron  mass,  f  the  wave  freouencv  and  Cp  top 
permittTvitv  of  free  spare.  The  plasma  freouencv  of  the  propagation  medium  is  defined  as 


f2  . 

N  m 


/  2 

-A-  % 


InserMon  of  rximencal  values  yields  f^  s  is  measured  in  Hz  and  \  is  the 

numtx'r  nf  free  elertr<jns  per 

Note  that  li  5  n  when  the  wave  freguencv  f  s  f,^,  and  therefore  a  wove  vertically  incident  ix^on  the 
innnsfihere  is  reflected  at  the  height  where  f  s  9/n^,  The  highest  freouenry  v^ich  ran  be  reflected  ver- 
ticallv  from  the  layer  is  called  the  critical  frequency 

f  i  9/s  *  'S' 
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where  S  is  the  maximum  electron  density,  frequencies  f  > 

p 

max 

incident  nhliguelv  at  an  arigle  1  will  be  reflected  at  a  height  where 
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ill  penetrate  the  laver.  ft  wave 


sinl^  s  /l- 


cosl  r  f  TosI 


This  freouencv 


of  course,  always  greater  than  the  critical  freouencv  f  . 


figure  S  illustrates  schematically  how  the  electron  density  and  the  refractive  index  may  varv  in  a 
simple  ionospheric  layer,  and  the  ray  path  through  the  laver.  The  wave  incident  at  an  anqlc  I  is 
reflected  bark  to  the  ground  at  a  distance  d.  The  maximum  freguencv  which  ran  reach  this  distance  is 
^ma»  ”  ^  'cnsT^,  If  there  are  no  denser  ionospheric  lavers  at  greater  heiahts,  this  freguencv  is  the 
Maximum  flseahle  frequency  (MUf)  for  the  circuit  with  pathlenqth  d  along  the  earth's  surface,  f reouen- 
ries  greater  than  the  MUf  will  penetrate  the  layer  at  the  ^ole  of  incidence  I  .  ft  is  possible  to  show 
that  th'  wave  will  behave  as  if  it  had  travelled  alono  ‘^he  trianoular  path  indTcated  m  !hp  figure  and 
had  bee#  "lected  at  a  virtual  lieight  h'.  pr«nt  we  understand  that  thp  MUf  For  a  particular 
cir'"  oe  derived  from  simple  considerations,  if  the  critical  freguencv  of  the  layer  at  the  reflec- 

t ii  is  known, 

figure  6  shows  the  results  of  ravtrarinq  for  three  frequencies  in  a  mndel  laver  with  critical  fre- 
Quency  F  =4  MHz  and  N  at  a  height  of  500  km.  The  figure  clearlv  demonstrates  that  for  a  freguencv 
max 

f  >  f  the  wave  cannot  be  reflected  back  to  the  ground  at  distances  shorter  than  a  minimum  range, 
o 

called  the  skip  distance,  Near  this  distance  there  is  a  focusing  effect  because  waves  with  different 
penetration  depths  into  the  ionouphere  converge. 

So  far  we  have  only  discussed  wave  refraction,  but  the  ionospheric  plasma  also  arts  as  an 
ahsorhing  medium.  The  electrons  oscillating  in  the  incident  wavefield  reradiates  the  energy  transferred 
to  them  from  the  field,  unless  their  oscillatory  motion  is  disturbed  bv  rollisions  with  the  much  heavier 
neutral  molecules  and  positive  ions.  Such  collisions  will  convert  electromagnetic  wave  energy  into 


thermal  enerqv  in  the  qas,  and  the  wavefield  will  be  attenuated.  It  is  possible  to  show  that  the 
absorption  of  a  hiqh  frequency  radio  wave,  measured  in  desihels,  is 


A 


f  —  N  vda 


dh 


where  v  is  the  rollision  frequency  of  an  electron,  u  is  the  refractive  index,  and  intenration  is  alonn 
the  rav  path.  We  note  that  A  is  inversely  proportional  to  the  square  of  the  wave  frequenrv,  and  that 
the  contribution  of  the  integral  to  A  is  larae  where  u  is  small  and  where  V  v  is  large,  f  latire  ^  shows 
that  S  has  a  maximum  in  the  D-reqion  where,  normally,  p  *  1.  This  contribution  tn  the  ahaorpt ion  is 
railed  the  non-deviat ive  absorption.  Absorption  occurrinq  near  the  reflection  point  where  p  < *  1  is 

called  the  deviative  absorption.  For  oblique  propagation  the  non-deviat ive  term  usuallv  dominates. 

The  simple  model  of  propagation  sketched  above  mav  be  extended  to  include  the  effects  of  the 
earth’s  magnetic  field,  the  earth's  curvature  and  the  presence  of  several  reflecting  layers.  The 
earth's  magnetic  field  makes  the  ionosphere  hi  ref  rinqeot  ,  that  is  an  incident  radio  wave  splits  up  :nt<i 
two  maqnpto-ionic  components,  called  the  ordinary  and  extraordinary  waves.  The  ordinarv  wave 
corresponds  most  closely  to  the  no-field  rase,  whereas  the  extraordinary  wave  has  a  lamer  critical  t‘re- 
quenrv  and  is  reflected  at  a  different  level.  The  absorption  for  the  two  components  mav  estimated  tn 
Fguation  f?)  replacing  the  wave  frequency  f  with  an  effective  frequencv  ftf^  */vpre  +  refers  to  t'-e  ordi- 
narv  and  -  to  the  extraordinary  wave.  f|^  =  f„  cosi  where  f^  is  the  ovro  freouencv  of  the  electrons  pi 
the  earth's  field  and  I  is  the  angle  between  Vhe  direction  of  propagation  anrt  the  magnetic  fielil.  wp 
note  from  Fguation  (7)  that  the  extraordinary  wave  is  more  heavily  absorbed  than  the  ordinary  wave.  'hp 
ordinary  wave  will  therefore  be  the  important  component  as  far  as  -communicat  inns  are  I'onrprned. 

The  complex  structure  of  the  real  ionosphere  makes  manv  different  modes  of  propagation  {>ossiMr, 
Some  examples  are  sketched  m  figure 

\'ntp  that  the  total  field  at  the  receiver  mav  be  a  vector  5;tim  of  many  lifferef't  ix>ries,  pk' ;  .;'1 1  r<ij  .4 
nroiinrl  wave  which  is  important  at  shorter  distances.  The  refractive  index  of  top  ground  'p 
expressed  as 


where  f  is  the  permif/vifv,  f  is  given  in  and  <j  the  ronrfijrt  iv)f  v  in  ^gemens  ‘  and  c  iejien  t 

upon  the  properties  of  the  soil,  and  »^eo  n  is  known  the  ref  lect  inq  and  at  t  envjat  j  fiq  f>rn{uTtips  n*"  ‘*»p 
Surface  mav  he  derived, 

3.  DATA  BASF  OF  AVAILARLF  nPSfRVAT ION'S 

Since  the  presence  of  ionired  layers  in  the  upper  atmosphere  was  experimentally  eslat'lished  tiv 
Appleton  and  Parnett  'T^^Sl  and  Preit  and  Tuve  't92h',  a  large  database  of  ionospheric  olisepy at  i ons  has 
gradually  been  compiled  to  give  a  global  picture  of  the  structure  of  the  ionosphere  and  its  variations. 
The  picture  is  hv  no  means  complete;  the  problem  nf  mapping  thp  behaviour  of  the  ionosphere  is  similar 
to  the  proiilem  of  mapping  the  weather  in  the  lower  atmosphere.  More,  and  more  accurate  knowledge  is 
always  needed,  both  from  a  scientific  point  of  view,  and  from  the  communicators  point  of  view  as  the 
need  arises  for  ever  more  efficient  use  of  the  freouencv  band  available  for  ionospheric  communications. 

tinder  the  auspices  of  the  Internat  ional  rouncil  for  ‘xcientifir  Unions  IPSUl,  several  World  Uat  a 
Tenters  for  the  collection  and  exchange  of  geophysical  data  have  been  estalished.  The  two  moat  impor¬ 
tant  are  WDTA  m  the  USA  and  WOTR  in  the  USSR,  but  in  addition  a  number  of  specialized  renters  exist  in 
ottier  countries.  These  latter  centers  emphasize  special  analysis  of  data  relevant  to  different  diripli- 
nes  'Piqqott  A  Rawer  1^72'. 

Two  international  bodies,  URSI  and  friR,  are  of  particular  importance  in  the  work  no  collection 
and  evaluation  of  ionospheric  data  for  communication  purposes. 

URSI  '’International  Scientific  Radio  Union)  deals  with  the  scientific  aspects  nf  radio  wave  propa¬ 
gation,  and  is  responsible  for  the  lonosonde  Network  Advisory  firnup  'iNAr,'  which  coordinates  innosonde 
observations  see  below)  on  an  international  basis.  TTIR  v  lot  err<at  lonal  Radio  Tonsultative  Tommittee' 
has  thp  International  Telecommun’eat  ion  Union  (ITlJ)  as  its  parent  body,  and  promotes  international  stan¬ 
dardization  of  models  for  the  propagation  medium  and  radio  noise  environment.  Much  international 
cooperation  is  also  being  stimulated  bv  the  fnter-TTnion  rommission  for  Solar- Terrest r ial  Physics 
( lurSTP)  which  promotes  intensive  studies  of  particular  phenomena, 

1.1  Observational  techniques 

The  lonqest  time  series  of  ionospheric  data  stems  from  ground  baaed  observations.  The  mnst 
important  techniques  used  are: 

a)  The  ionosonde,  which  in  its  common  form  Is  a  vertically  directed  pulse.*  radar,  measures  the  delav 
time  of  the  reflected  signals  in  the  frequency  range  1-20  Wz.  This  delav  time  is  converted  to  a 
virtual  height  h'  of  the  ionosphere.  Figure  8  shows  an  example  of  an  h''fT  record,  or  lonogram. 

The  heights  and  critical  frequencies  of  the  f-  and  F-reqions  can  he  read  directly  from  the  lonoqram, 
and  by  means  of  fairly  complex  computations,  the  h'(f)  record  may  be  converted  to  an  electron  den¬ 
sity  profile  N  (h) , 
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b)  Absorption  measurements 

The  At  tnethod  measures  the  amplitude  of  pulsed  HF  siqnals  reflected  vertjcallv  from  the  lavep'^.  The 
A2  method  measures  the  amplittirie,  at  the  qround»  of  VHf  radio  noise  incident  upon  the  earth  from  the 
qalaiiy.  The  receiving  instrument  is  called  a  riometer  (Relative  Ionospheric  Oparitv  meter',  ‘’adin 
noise  above  the  critical  frequency  of  the  f-laver  will  penetrate  the  ionosphere,  as  the  earth  rotates 
and  the  receiving  antenna  sweeps  across  the  sky,  a  "quiet  dav”  variation  of  signal  intensify  will  'ip 
recorded.  The  noise  will  suffer  absorption  in  the  lower  ionosphere,  and  a  disturbance  in  the 
D-reqion  will  be  recorded  as  a  deviation  from  the  quiet  dav  curve.  The  riometer  is  a  partirularlv 
useful  instrument  in  the  disturbed  high  latitude  ionosphere.  The  A^  method  measures  the  snjnal 
strength  of  a  fW  MT  or  HF  signal  reflected  from  the  ionosphere  at  oblioue  incidence,  tvoicallv  nvpr 
paths  of  a  few  hundred  kilometers. 

r)  The  incoherent  scatter  technigue  involves  the  use  of  verv  powerful,  sensitive  and  sophisticated  VMl 
or  IJHF-radars  which  detect  weak  reflections  from  plasma  irregularities.  There  are  tmU  a  few  such 
installations  in  operation,  but  they  have  provided  a  wealth  of  information  about  ionospheric  para¬ 
meters. 


Figure  9  shows  a  map  of  the  distribution  of  ionospheric  observatories.  As  might  he  e^pei'fect,  mn«t 
of  them  are  located  in  northern  hemisphere,  and  the  large  ocea -s  and  polar  regions  arc  nnt  well  covers  i. 

The  spare  age  introduced  rockets  and  satellites  as  platforms  for  ionospheric  observations,  ‘'m-tpi 
flights  can  yield  valuable  detailed  "snapshots"  of  ionospheric  conditions,  whereas  satellites  have  hee»i 
successfully  used  to  obtain  global  coverage  of  some  "top-side"  ionospheric  parameters.  The  satellite- 
borne  "top-side"  innosondes  have  been  particularly  important  in  global  mapping  of  F-laver  electr-’’  >ter'- 
sities  above  the  maximum  of  the  layer.  Unfortuoat elv  the  top-side  lonograms  only  rarelv  vield  ac-jrste 
values  of  the  F-layer  critical  frequencies.  Their  usefulness  in  filling  in  gaps  left  npen  ir>  r^'e  ir  >i;nc 
based  network  is  therefore  limited. 

3.2  The  ionospheric  data 

The  ionosonde  data  are  conveniently  summarized  in  dailv  "f-plnts",  an  example  of  n^ic*'  is  iijve'’  i" 
figure  10,  An  example  of  the  long  term  variation  of  rntiral  freouennes  is  show»)  in  tioure  IT, 
clearly  demonstrates  the  11  year  cvcle  present  in  the  ionospheric  parameters.  As  will  he  .1l‘;cu^.;ed 
later,  this  solar  cycle  dependence  is  important  for  prediction  purposes.  The  data  base  mav  he  used  tn 
construct  contour  maps  of  ionospheric  parameters.  An  example  figure  12  stmws  a  map  of  foi  2  the  <Titt- 
cal  frequency  of  the  F-layer)  compiled  for  the  east  zone  from  data  for  AO  stations  ov^r  two  solar  'vrles 
^Reddy  et  al  1979). 

After  more  than  SO  years  of  ionospheric  observations  it  is  fair  to  stat**  that  the  hehavmur  nf  tt'e 
undisturbed  mid-latitude  and  low-latitude  F-  and  F-reqions  is  adequately  mapped  for  mai'v  rommun i rat  i on 
purposes.  Then  are,  however,  important  gaps  m  our  knowledge  of  ionospheric  behaviour  during  ilisturhan- 
ces,  and  in  general  the  high  latitude  ionospheres  are  riot  well  understood,  ^here  is  also  a  lank  of 
data,  on  a  global  scale,  on  the  structure  and  behaviour  of  the  lowest  part  nf  fhe  ionosphere,  the  D- 
cegion, 

3.3  The  conducting  properties  of  the  earth's  surface 

The  conductivity  of  the  earth's  surface  is  of  importance  for  the  antenna  gain  at  the  transmitter 
and  receiver  sites,  and  for  ground  reflections  in  multihop  propagation.  Therf*  is  therefore  a  need  for 
global  conductivity  maps,  and  for  some  applications  there  is  also  a  need  for  terrain  modelling.  Present, 
models  distinguish  between  land  and  sea  conductivities,  using  average  values  of  the  reflection  coef¬ 
ficients,  hut  the  inclusion  of  more  detailed  maps  of  ground  conductivity  would  improve  propagation  pre¬ 
dictions.  (See  section  9) 

3. A  The  radio  noise  environment 

An  HF-siqnal  must  be  detected  against  a  backgrotind  of  radio  noise  From  natural  and  man-made  snur- 
ces.  The  first  compilation  of  radio  noise  data  was  carried  out  by  Railev  Ifojan  '1‘JA3T,  rflR  ''Report 
322  1963)  has  prepared  an  atlas  of  radio  noise  intensities  based  upon  measurements  obtained  mainly  from 
16  stations  throughout  the  world  during  an  international  cooperative  programme,  flata  were  collected 
from  these  stations  from  1957  to  1961  and  the  noise  power  versus  frequency  are  presented  in  diagrams 
such  as  figure  13, 

The  natural  radio  noise  has  two  important  sources,  atmospheric  lightning  discharges,  and  galactic 
cosmic  noise,  A  stroke  of  lightning  produces  noise  over  a  wide  frequency  band,  with  maximum  intensity 
near  10  kHz,  The  noise  from  the  thunderstorm  activity  throughout  the  world,  in  particular  from  the 
thunder-storm  centers  in  Fquatorial  Africa,  fpotral  America  and  the  fast  Indies,  will  propagate  to  great 
distances  through  multiple  reflections  between  the  earth  and  the  ionosphere.  The  galactic  noise 
penetrates  the  ionosphere  from  above  at  frequencies  above  the  critical  freguenry  of  the  F-layer,  and  is 
in  general  the  dominating  noise  above  about  20  Wz,  The  man-made  HF-noise  may  be  important  m 
industrial  or  densily  populated  areas,  and  may  have  large  local  variations. 

Contour  maps  of  radio  noise  intensity,  such  as  figure  14  are  available  for  different  times  of  dav 
and  season. 
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inNOSPHFRlC  MODELS 


Ionospheric  modelling  for  Hf-communicat ion  purposes  aims  at  a  description  of  the  ionosphere  and 
its  variations  in  time  and  space,  t><hich  allows  prediction  of  propagation  parameters.  The  model  must 
therefore  be  simple  enough  to  be  practical,  and  sufficiently  complete  and  accurate  to  be  useful.  The 
degree  of  complexity  and  sophistication  in  a  model  depends  upon  the  reauirements  and  resources  of  the 
user,  and  the  practical  solution  is  always  a  compromise  between  the  needs  for  simplicity  and  Cor 
accuracy.  There  are  two  different  approaches  to  the  modelling  of  ionospheric  circuits.  The  first  is  tn 
fit  empirical  equations  to  measurements  of  signal  characteristics  for  different  times  and  paths,  the 
other  is  to  estimate  these  characteristics  in  terms  of  a  number  of  separate  factors  known  to  influence 
the  signal  (Bradley  1^79),  such  as  critical  frequencies,  laver  heights,  absorption  etc.  When  a  large 
data  base  exist  for  a  particular  circuit,  the  former  mav  be  useful,  but  it  lacks  generality.  The  second 
approach  has  the  advantage  that  a  limited  data  base  can  be  combined  with  knowledoe  of  physical  prin¬ 
ciples  to  guide  a  description  of  the  behaviour  of  the  ionospheric  layers. 

The  first  approach  has  been  successfully  applied  to  medium  fregupnrv  'Mf'  propagatinn,  x^ereas  it 
is  generally  agreed  that  the  second  method  is  the  most  efficient  one  for  Hf  propagation. 

4.1  Modelling  of  the  ionospheric  layers 

If  the  ionospheric  electron  density  height  profile  is  known  at  everv  point  along  a  propagation 
path,  the  signal  characteristics  at  the  receiver  may  be  calculated  using  some  form  of  ravtracing  proce¬ 
dure.  A  useful  approximation  is  to  neglect  variations  along  the  path  and  assume  that  the  profile  at  the 
reflection  point  (or  points  if  there  are  more  than  one  hop'  mav  he  used  m  the  ravtraring.  The  problem 
is  then  to  describe  this  profile  in  terms  of  a  few  measurable  parameters,  so  that  the  raytracmg 
through  the  simplified  model  ionosphere  yields  realistic  signal  rharact  er  i  st  ics ,  t’nr  vertical  inrideru'e 
ravtracinq  should  reproduce  an  lonogram  typical  for  the  time  a*^d  location  of  the  reflection  point. 

figure  T*’  shows  four  electron  density  models  in  order  of  increasing  romplexity.  The  mr^del  in 
figure  1*ia  includes  the  F  and  f-laver  onlv,  as  simple  paraholir  layers  with  specified  critical  freguen- 
ries,  heights  and  thicknesses.  This  model  is  used  in  the  first  fflR  prediction  procedure  rriw  '1970' 
and  is  at  present  still  recommended  bv  rriR,  A  second  TPIR  procedure  is  m  preparation  rrfP  T97H  and 

the  electron  density  model  is  shown  in  figure  ISh.  As  will  he  seen,  the  nap  between  the  F-  and  F-laver 

has  been  filled  in,  so  that  the  electron  density  increases  linearlv  with  height  m  this  interrediate 
region.  The  two  CflR  models  have  been  discussed  in  some  detail  bv  Bradley  'T9:u  , 

figure  ISc  shows  a  model  used  in  a  recent  method  •'Ionospheric  Analysis  and  Prediction"  MPNPAP' 
developed  at  the  Institute  for  Telecommunication  Viencies  I'l  loyd  et  al  IPR?"*.  The  regjnn  between  the 
f-  and  f-laver  maxima  is  now  even  more  complex,  including  a  "vallev"  and  two  linear  segments.  This 
figure  also  shows  a  virtual  height  profile,  ancj  demonstrates  that  the  model  can  reproduce  the  most 
important  features  of  an  innogram,  including  an  ri-laver.  Sole  that  the  IPSCAP  includes  a  simple  model 

of  the  D-reginn.  All  three  models  make  some  provision  for  the  presence  of  sporadic  f-layers, 

Pinal  ly  Figure  1*id  stiows  the  electron  density  profile  adopted  in  the  International  Reference 
Ionosphere  (IRI,  Rawer  19fl1). 

The  IRf  has  been  developed  bv  a  task  group  chaired  hv  K  Rawer,  under  the  auspices  nf  URSJ  and 
rnSPAR  ^fommittee  for  Space  Research),  The  International  Reference  Ionosphere  is  described  hv  Rawer 
(19R1).  It  represents  a  compendium  of  height  profiles  through  the  ionosphere  of  the  four  main  plasma 
parameters:  plasma  density,  plasma  temperature  of  elec'rons  and  inns,  and  inn  composition.  These 
parameters  are  generated  from  reliable  data  including  both  gro<ind  based,  rocket  and  satellite  data,  and 
tt»e  IRI  is  thus  primarily  an  experimental,  not  a  theoretical  model,  A  computer  rode  generates  hpitjht 
profiles  for  any  time  of  day,  position  and  siinspot  ntjn^er. 

The  IRI  electron  density  profile  models  all  ionospheric  layers  and  is  miite  complex.  It  has 
therefore  fxit  vet  been  adopted  nr  reconwiended  hv  fCIR  for  Hf -rommunirat  ion  predictions,  Ravtraring 
through  such  a  sophisticated  profile  would  regijire  complex  computer  codes,  and  it  remains  to  be  tested 
whether  the  added  complexity  yields  real  improvements  of  predicition  accuracy , 

4..'  r.lobal  modelling  of  kev  factors 

Hncp  a  model  of  the  ionospheric  layers,  such  as  those  described  in  the  preceding  section,  has  been 
chosen,  a  model  nf  the  temporal  and  spatial  variations  of  the  key  factors  describing  the  ’onospheric 
structure  must  be  decided  upon.  The  diurnal,  seasonal  ;wid  sunspot  rvcle  variations  of  peak  plasma  den¬ 
sities  and  heights  have  been  modelled  by  fflR  i'1967),  based  upon  original  puhl  icat  ions  bv  Jones  and 
Gal  let  (I960,  1962  • .  The  model  or  atlas  is  based  upon  ground  based  measurements  exclusively,  and  is 
available  as  a  computer  tape.  As  an  example  of  such  modelling,  figure  16  shows  measured  values  of  noon 
critical  frequencies  versus  sunspot  number.  The  sunspot  rvcle  dependence  is  modelled  hv  linear  inter¬ 
polation  between  values  of  critical  freauencies  at  smoothed  sunspot  numh*»rs  R^2  *  ^  R12  =  The 

diurnal  and  seasonal  variations  are  modelled  in  terms  of  the  solar  zenith  annle  y,  *^irh,  of  course,  is 
readi Iv  calculated. 

The  original  Jones  and  Gallet  model  gave  a  description  in  terms  nf  geographic  coordinates,  but  it 
was  foiind  that  inclusion  of  the  earth's  msonet  ic  field  in  terms  of  a  "modified  dip  coordinate"  (Rawer 
1965)  improved  the  consistency  of  the  charts.  A  model  of  the  earth's  magnetic  field  is  therefore  also 
essential  in  a  description  of  the  ionospheric  Isvers.  The  rriR  model  is  also  i^ied  as  a  basis  for  the 
International  Reference  Ionosphere  in  its  global  mapping  of  peak  plasma  densities  and  heights.  As  men¬ 
tioned  above,  satellite  data  have  not  yet  been  included  for  these  parameters,  although  the  IRI  i«es  such 
data  to  model  the  shape  of  the  electron  densitv  profile  above  the  T’-inyer  i>eak.  A  spesific  effort  bv 
CCIR  to  include  satellite  data  is  m  progress. 


4.^  Modpliinq  of  lonospherir  absorption 


We  have  shown  that  most  of  the  i{y»ospheric  absorption  of  HF -waves  ocrurs  in  the  n-reqinn.  n- 
reqion  electron  densities  are,  however,  smaJ 1  and  difficult  to  measure,  and  the  ionnsoheric  loss  is 
therefore  normally  modelled  hy  means  of  empirical  eouations  based  upon  absorption  measurements.  The 
absorption  of  the  ordinary  wave  mav  be  written  (Budden 


'see  section  2.3t  where  inteqration  is  alono  the  rav  path,  for  vertical  incidence  we  mav  write 


(f+r 

I  7n 


where  A(f)  is  a  constant  when  u  ^  1  (non-deviat ive  absorption  but  has  a  freouencv  dependence  near  the 
reflection  point  where  u  «  1.  The  models  are  based  upon  estimates  of  A'fT  from  measurements  of  absorp¬ 
tion.  The  rriR  ab‘‘  option  eouation  is  based  upon  studies  bv  taitinen  and  Havdnn  '19Sn^  and  I  uras  and 
Haydnn  (1966),  ano  the  empirical  equation  for  oblique  incidence  is 


677,2  I  sec  ^ 


where  is  the  angle  of  incidence  at  100  km,  and  the  frequencies  are  given  in  MH/ 

-2.957*n.fl44S  f  f 
I  =  -0.4*e  " 

The  factor  I  thus  contains  the  solar  zenith  angle  and  sunspot  cvr 1 e  dependence  through  the  F-Iaver 
critical  freouencv  fo^^*  term  A'f)  is  represented  by  an  average  value  A  z  677,2  I,  An  important 

effort  to  improve  the  absorption  model  has  been  made  by  George  '^1971)  *#io  includes  a  frequency  depen¬ 
dence  of  A(f).  This  method  has  been  extended  and  used  for  absorption  morteninq  in  the  in\r4P  prediction 
method  (Lloyd  et  al  19R11,  Models  of  ionospheric  absorption  such  as  those  mentioned  above  have  proved 
useful  in  low  and  middle  latitudes,  hut  becomes  inadequate  in  latitudes  beyond  about  60*7,  v^ere  the 
absorption  is  large  and  varies  rapidly.  An  "excess  system  loss"  factor  has  been  included  in  the  models 
to  account  for  the  latitudinal  variation  in  high  latitudes, 

4.4  Statistical  description  of  the  ionosphere 

The  ionosphere  has  significant  day-to-day  variations.  The  data  hase  provides  input  to  the  models 
in  terms  of  monthly  median  values  of  the  ionospheric  parameters  and  a  statistical  distribution  around 
the  medians,  for  example  as  quartile  and  decile  values.  These  statistical  parameters  have  been  included 
in  the  prediction  models  to  provide  estimates  of  the  probability  distribution  of  signal  characterist ics. 

s.  THF  pRiNriPLf  nr  Hr-PRrnimoNS 

The  principle  of  all  physical  predictions  is,  of  course,  extrapolation  of  past  experience  into  the 
future.  In  the  preceding  sect  ion  we  have  described  models  of  the  propagation  medium  *^ich  allows  esti¬ 
mates  to  he  made  of  the  state  of  the  medium  at  a  certain  location,  solar  activity  as  indicated  by  the 
sunspot  number  and  solar  elevation.  By  predict inq  the  sunspot  number  at  a  future  time,  we  mav  therefore 
predict  the  state  of  the  ionosphere.  The  state  of  the  sun  is  being  monitored  continuously  from  solar 
ohservat  ions  throughocit  the  world,  and  reasonably  reliable  data  are  available  For  h  period  of  more  than 
2nn  years.  Modern  observatories  issue  regular  long-term  'months,  years)  predictions  of  solar  activity 
as  measured  hv  the  sunspot  rn/mher.  These  predictions  of  monthly  values  are  based  upon  extrapolation  of 
past  "smoothed"  sunspot  numbers,  allowing  for  the  well  established  11  vear  cycle  in  solar  activity. 

Short  term  predictions  of  the  development  of  Solar  disturbances  are  also  issued  for  periods  of  hours  and 
davs.  These  allow  predictions  of  "effective"  sunspot  numbers  t/iicb  ran  he  used  in  HF-predict ion 
modelling.  (See  comparinion  lecture). 

In  this  section  we  shall  not  discuss  solar  physics  and  prediction  of  solar  conditions,  but  rather 
review  the  procedures  used  to  estimate  the  reliability  oT"  a  communication  circuit  once  the  probable 
state  of  the  ionosphere  has  been  established  by  predictions.  Ww  shall  rmlv  deal  with  long  term  predic- 
t ions  here. 

A  frequency  prediction  service  aims  at  providing  the  user  with  estimates  of  the  circuit  reliabi¬ 
lity  as  a  'unction  of  frequency  and  time.  The  useful  range  of  frequencies  is  limited  at  the  high  fre- 
ouencv  end  by  the  path  MTIF,  that  is  the  highest  maximum  useable  Freguencv  of  any  possible  propagation 
mode,  and  at  the  low  frequency  end  (lowest  useable  freguencv  lUFi  by  the  presence  of  noise  and  possible 
screening  by  the  F-laver.  The  signal  tg  noise  ratio  must  be  evaluated  at  each  frequency  within  this 
range.  The  procedure  may  be  summarized  as  follows: 
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a)  Determination  of  the  path  MUf 

first  the  points  along  the  circuit  must  be  found  for  *(hich  ionospheric  information  is  needed,  for 
path  lengths  less  than  4Q0Q  km  the  path  midpoint  is  used.  For  longer  paths  two  "control  points", 
2000  km  from  either  end  of  the  circuit  are  found,  and  ionospheric  conditions  determined  at  these 
points.  The  "control  point  method"  has  no  rigorously  proved  basis,  but  seems  to  work  well  for  many 
applications.  Given  the  ionospheric  model,  the  MUF  may  be  determined  by  raytracinq,  or  bv  using  MlF 
factors  (M(0)).  These  factors  are  defined  as: 

MUF  (single  hop,  distance  D)  =  fQ*M(D)  *'12^ 

Such  factors  may  be  derived  from  ionograms  and  are  tabulated  for  the  different  layers  bv  CTtR 
(196^),  Figure  17  shows  an  example  of  rtJF  factors. 

The  path  KJF  is  the  highest  of  the  KJF*a  derived  for  the  separate  levers,  and  the  lowest  of  the  KlFs 
for  the  two  control  points. 

The  more  sophisticated  ravtracing  procedures  such  as  that  used  in  IflNfAP  allows  determination  of  an 
area  coverage,  that  is  the  area  of  the  earth's  surface  illuminated  via  the  ionosphere  at  each  fre¬ 
quency.  (See  Figure  4). 

b)  ''et erminat  ion  of  signal  strength 

When  the  modes  that  can  exist  are  determined,  the  power  received  at  the  receiver  location  for  each 
mode  is 

Pr  = 

where  is  the  transmitted  power,  Gj  and  Gp  are  the  gains  of  the  transmitting  and  receiving  anten¬ 
nas  respectively  at  the  elevation  angle  corresponding  to  the  mode  in  Question,  and  is  the 
transmission  loss,  i.p  mav  include  many  terms,  such  as  free  spare  loss,  focusing  effects, 
ionospheric  absorfition  (see  section  4.5)  and  ground  reflection  loss.  The  ground  reflection  loss  is 
modelled  bv  TGIR  hv  the  conductivity  of  the  surface  at  the  ground  reflection  point.  The  conduc¬ 
tivity  depend-;  upon  freguency,  and  f|ye  reference  values  for  fresh  water,  sea  water,  wet  ground, 
medium  dry  ground  and  drv  ground  or  ice  have  been  chosen,  loss  due  to  polarisation  fading,  sporadic 
F  and  over-the-MUF  reflections  mav  also  he  added.  The  rms  skvwave  field  strength  F  'dR  above 
1  nV  is  given  in  terms  of  Pj.  bv 

f  =  Pr+2n  logf+107.2  '1^' 

when  f  is  the  wave  freguencv  in  t+Tr. 

c'  Determination  of  signal  to  noise  ratio  * 

The  noise  Charts  and  a  knowledge  of  manmade  noise  conditions  at  the  receiver  site  yield  noise  power 
as  a  function  of  frequency.  For  a  given  band  width  b  of  the  receiver,  the  noise  field  strength 
may  he  determined 

Fn  =  F3-f;S.V20  Iogf-t-10  loqb 

where  Fg  is  the  noise  figure  given  in  rriR  report  522. 

The  signal  to  noise  ratio  in  desibels  is  then  SNR  s 

d)  When  a  required  siqnal-to-noise  ratio  is  specified,  the  statistical  proneri.es  nf  the  ionospheric 
model  and  the  noise  model  mav  be  used  to  determine  the  mean  reliability  of  the  vn  uit  for  a  given 
month. 

S , 1  Some  available  prediction  methods 

We  have  discussed  methods  for  long  term  (months,  vears)  predictions  of  HF  propagation  conditions, 
and  several  such  methods,  implemented  on  digital  computers,  have  received  recent  international  atten¬ 
tion.  It  may  be  useful  to  mention  some  of  the  most  important  here.  These  are  2^2-2,  SUP  252,  lONFAP, 
MUFLUF,  FT/,  HFM,  VLF  and  I  11  252. 

The  rCIR  recoqni?ed  method  is  contained  in  rCIR  Report  252-2  and  is  recommended  hv  the  PPIR  for 
use  until  SIfP  252,  supplement  to  report  252-2,  is  completed  in  compute^i^ed  form  and  tested.  Roth  uti¬ 
lise  a  two-parabola  ionospheric  model  and  an  ionospheric  loss  equation  derived  from  the  world  data 
center  data  base. 

The  IDNCAP  program  forecasts  for  the  distribution  of  the  siqnal-to-noise  ratio  at  freouenries  from 
2  to  5S  The  model  considers  the  F,  Sporadic  F,  FI  and  F2  layers,  using  an  explicit  electron  den¬ 

sity  profile.  The  basic  ionospheric  loss  equation  is  the  fTlR  252-2  supplemented  hy  the  F  laver,  FS 
layer  and  over-the-MUF  considerations,  A  separate  method  is  included  for  very  long  distances. 

The  MUFLUF,  FT/  (Damboldt  1975)  and  III.  252  proqrams  were  submitted  to  the  IWP  (Interim  Working 
Party)  6/12  of  the  CCIR  for  consideration  of  use  bv  international  HF  broadcasters  (CCIR,  ITU,  Geneva^. 
They  are  considerably  smaller  programs  than  252-2f  Sltf*  252  and  lONCAP,  hence  are  specialized  in  applica¬ 
tion. 

The  HFM  YLF  is  based  on  fCIR  252-2  with  simplifications  made  in  the  field  strength  probability 
calculat ions. 
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Table  1  fomparison  of  some  available  predirt  ion  programs 


The  Applah  Iff  program  Rradlev  T97S1  has  been  prod«ired  bv  the  Appjeton  lahnratnr>’  in  the  IK.  !t 
is  similar  in  si/e  and  performance  to  the  SUP  2S2,  but  is  not  identical  to  this  procedure. 

The  above  table  illustrates  the  difference  in  completitv  of  the  different  availatile  mnde!<*.  Their  si/e‘< 
and  running  times  are  determined,  essentially,  bv  the  questions  thev  are  developed  to  answer,  arid  the 
sophist  icat  inn  of  the  methods  used.  The  choice  of  method  will  depend  upon  the  reoui  cement  s  anri  r»*sour- 
cps  nf  the  user, 

f..  [  IMITATIONS  Of  THf  PRf  OITT  ION  fC  [HODS 

The  arcuracv  of  t(ie  predictions  is  limited  for  several  reasons,  first  Jv  The  database  rjive*;  jna<1e- 
quate  coverage  of  many  parts  of  the  globe,  fnamples  are  the  polar  regions  and  The  large  oceans.  This 
mav  have  the  consequence  that  important  spatial  structures  are  neglected.  Secondly  the  ionosphere  is 
highly  variable  in  time,  and  mnrithlv  medians  of  propagat  too  parameters  mav  not  alwavs  he  useful  to  the 
communicator.  Again  this  problem  is  particularly  difficult  in  high  latitudes,  Thjrdlv  our  knowledge  n*" 
the  physical  processes  that  govern  ionospheric  oehaviour  «ore  not  a'leguafe  for  guidjnu  ftie  rnodellino  of 
propagation  ihroutiti  ttie  medium.  Nevertheless,  tests  show  that  during  jjndisturbed  cojulitinns  schemes 
give  reasoriahly  «#rc</rate  re.soJts.  The  performance  de*erinrates  markedly  at  latitudes  ahn\e 

We  have  shown  that  the  state  of  the  ionosphere  depends  upofi  solar  activity,  and  that  most  predic¬ 
tion  methods  use  smout  tied  sdnsp<it  number  as  a  driving  funct  ion  to  determine  the  paramaters  nf  the 
ionospheric  lavers.  The  sunspot  number  is  an  empirical  indev  of  solar  activity,  and  it  is  not  always  a 

good  measure  of  the  effects  of  the  st/n  and  the  interplanet  arv  medium  ijpon  the  ionosphere.  Our 

understanding  of  the  physical  processes  that  ftetermine  this  complex  interaction  is  not  sufficiently 
advanced  to  make  reliable  preflirt  ions  for  longer  periods  years'. 

7,  THf  USP  (If  PRFntrTinN^  IN  (TlMMUNIfATinN  AND  ^V^TtM  PI  ANTING 

In  this  section  we  shall  use  the  TflNfAP  prediction  metfiod  to  illustrate  its  ac’plication  for  f'nm- 
munication  and  system  planning  purposes. 

Let  us  first  consider  the  problems  of  a  user  of  an  established  circuit  *vho  needs  to  choose  th? 
optimum  frequency  from  hour  to  hour  and  dav  to  dev.  He  or  she  knows  the  basic  performance  parameter  of 

the  system,  such  as  transmitter  power,  antenna  gains,  reginred  signal  to  noise  ratio  etc.  A  monthly 

prediction  may  then  be  issued  in  the  simple  form  of  a  table  of  rel  lah ;  1  i  t  les  as  a  funct  inri  of  freguencv 
and  time  of  day.  Table  2  shows  an  example  nf  such  predictions.  The  path  MIIF s  are  riiven  seiiaratelv, 
with  their  corresponding  reliabilities.  The  predictions  mav  also  he  given  m  the  form  nf  a  fjraph,  such 
as  in  figure  Tfl,  where  Hif  ,  LUf  and  FOT  are  plotted  versus  time  of  day.  1  UF  and  FOT  iFreguence  Tlptimum 
de  Travail)  are  the  lowest  and  highest  frequencies  respectively  with  an  availabilitv  nf  O.R,  From  such 
graphs  the  available  frequency  range  is  readily  found  for  any  time  of  dav. 

The  system  planner  will  need  more  information  than  is  readilv  available  from  the  simple  outputs 
just  described.  He  will  need  to  know  iWiicb  modes  are  dominant  at  different  times  for  different  frenuen- 
cies  and  the  corresponding  elevation  angles  of  the  rays,  so  that  efficient  antennas  mav  be  chosen.  Pro¬ 
pagation  delay  times  and  the  relative  signal  strengths  of  different  modes  are  also  useful  parameters 
allowing  estimates  of  multipath  interference  to  he  made.  The  planner  will  also  need  to  know  the  range 
of  losses  to  be  expected  so  that  the  minimum  transmitter  power  needed  to  obtain  a  certain  required 
reliability  can  be  estimated.  Propagation  estimates  must  therefore  be  made  for  a  range  of  conditions 
covering  diurnal,  seusonal  and  solar  cycle  changes. 

The  IDNCAP  will  provide  such  users  with  computer  outputs  of  the  form  shown  in  Table  5. 

R.  THE  USE  OF  THE  HF  GPrCTRUH 

The  HF-spectrum  is  a  valuable  natural  resource  which  must  he  shared  anongst  many  users  with  very 
different  needs  and  technical  capabilities.  Interference  from  other  users  of  the  HF-band  is  one  of  the 
major  problems  in  HF  communicat ions.  Modern  technoloov  offers  many  possibilities  of  improving  the  effi¬ 
ciency  of  HF-communicat ion  syatema.  Some  of  these  will  he  discussed  in  other  lectures  in  this  series. 
The  basic  principles  must  be  to  radiste  the  energy  in  the  optimum  direction,  to  radiate  as  little  energy 


as  possible,  and  to  choose  an  efficient  modulation  technioue  in  order  to  mimmi/p  the  hano  widt*'  or  the 
transmission  duration.  Automatic  transmitter  power  control,  antenna  steerino  m  a/imuth  and  eIe>.atton, 
frequency  sharing  in  time  multiplex  amongst  several  users,  are  all  possible  wavs  to  go  m  fidure  deve¬ 
lopments  of  HF~tecbnigues,  It  seems  obvious  that  improved  pre<iict  ion  techniaues  will  he  valuable  tnnls 
in  improving  the  overall  efficiency  of  HF-communicat ions. 

9.  Hf-COMMUNICATinNS  VIA  GROlINn  WAVf 

Hf-communicat  ion  via  ground  wave  is  important  in  many  areas,  particularly  over  sea  and  flat  lanti 
with  high  conductivities,  where  reliable  circuits  tnav  be  established  up  to  distances  of  several  hundred 
kilometers.  The  conductivity  of  the  surface  is  stronqlv  frequency  dependent  with  rapid  attenuation  at 
the  higher  frequencies.  In  the  past  fTlR  has  published  a  set  of  curves  of  ground  wave  field  strength 
versus  distance.  An  example  is  shown  in  Figure  1*^,  fPIR  (197fl'  is  in  the  course  of  implementing  a  co'’’- 
puter  program  to  estimate  ground  wave  field  strengths.  Ground  wave  propagation  mav  he  guife  comp/ev, 
part icularly  over  rough  terrain  and  over  mixed  land-sea  paths.  There  is  a  need  for  better  charts  of 
ground  conductivity,  and  in  some  cases  terrain  modelling  mav  be  useful  and  important.  large  f oponraph i - 
cai  features  such  as  mountain  ranges  and  glaciers  mav  cause  reflections  and  strong  attenuation,  and 
vegetation,  soil  humidity  and  snow  rover  also  influence  the  propagation  charact er ist ica. 

10.  roMni)sin\s 

A  review  has  been  made  of  the  state  of  the  art  of  Hf  propagation  modelling  and  predicMnn. 

Although  present  day  models  have  reached  a  high  degree  of  sophistication  and  romplexitv  there  is  room 
For  major  improvements  in  many  areas.  The  development  of  the  data  base  nf  ionospheric  parameters  has 
been  slow,  in  particular  in  the  inclusion  of  satellite  data  in  the  models.  As  a  ronseguence  there  are 
large  "white"  areas  in  the  world  map  of  the  ionosphere,  i  e  the  large  oceans  and  the  polar  regions.  The 
detailed  modelling  of  an  important  parameter  suct>  as  the  available  bandwidth  of  an  ionosi^heric  propaga¬ 
tion  channel  has  not  been  given  much  attention.  This  parameter  is  certainly  of  interest  for  the  use 
modern  modulation  techniques,  such  as  spread  spectrum  wduJation, 
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Table  2  Reliability  versus  freouencv  and  time  of  dav  for  March  19fl^  for  the  circuit  Psln-Londno. 

The  reliability  is  defined  as  the  probability  that  the  signal -tc-noise  ratio  SNP  exceeds 
the  required  SNR  for  the  service.  The  sunspot  number  is  SRN  :  77,  The  minimum  anoie  of 
elevation  for  the  antenna  is  specified  as  3^,  Horizontal  half  wave  dipoles  are  specified 
for  fv>th  transmitter  and  receiver  with  height*?  above  nround  1^4  wavejenoth,  fH  =  n,?S  >, 

I  z  n,S  x).  Transmitter  power  is  1  kW,  and  the  man-made  noise  level  at  the  receiver  site 
is  taken  as  -16R  dPW,  correspondioq  to  "rural"  environment.  The  reouired  signal -t o-noise 
ratio,  Ren  SNP,  is  the  ratio  in  decibels  of  the  hourly  median  signal  power  in  the  occupied 
handwvdlti  to  the  hourlv  median  noise  in  a  1  H/  bandwidth.  It  is  here  specified  as  S\R  = 
dft,  correspondinn  to  a  sjgnal-f o-noise  ratio  of  2S  dP  for  a  channel  with  T  kHz  hand- 
width,  The  term  Ren  Rel  is  used  for  I UF  calculations. 
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for  explanation  of  other  terms,  see  Table  2. 


finure  1  A  typical  undisturbed  davtime  electron  density  distribution.  To  the  rinht  the  figure 

indicates  which  wavelength  bands  are  i^sorbed  at  different  heinbts.  The  f-  and  F-reqions 
normally  show  clear  maxima,  whereas  the  f1  region  is  a  ledge  in  the  profile. 
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SUMMARY 

The  requirement  for  real-time  channel  evaluation  (RTCE)  in  HF  systems  is 
identified  and  discussed  in  detail.  Various  scenarios  in  which  RTCE  is  applicable  are 
examined  and  classified. 

Specific  RTCE  techniques  and  systems  are  then  described  including: 

-  Pulse/modulated  pulse  sounding 

-  Chirp  sounding 

-  Limited  channel  monitoring 

-  Interference  characterisation 

-  In-band  RTCE 

The  application  of  RTCE  to  practical  HF  systems  is  discussed  and  the  benefits 
accruing  from  its  use  quantified. 

INTRODUCTION 

As  has  been  pointed  out  in  a  previous  lecture  (Darnell,  1983),  real-time 
channel  evaluation  (RTCE),  in  the  context  of  HF  communications,  corresponds  to  the 
process  of  system  identification,  or  propagation  path  modelling,  which  must  be 
carried  out  prior  to  the  application  of  optimal  control  strategies.  The  classical 
method  of  controlling  HF  circuits  involves  the  use  of  off-line  propagation  analysis 
coupled  with  operator  experience;  to  this  end,  sophisticated  propagation  analysis 
programs  have  been  developed  to  provide  the  basic  data  required  for  HF  system  control 
(Haydon  et  al,  1976).  Although  such  programs  can  predict  long-term  path  parameters, 
say  on  a  monthly  median  basis,  with  reasonable  accuracy,  their  short-term  precision 
is  limited.  Thus,  they  are  better  suited  to  providing  data  for  system  planning  ind 
frequency  assignment  where  analyses  over  complete  seasonal  and  sunspot  cycles  are 
requi red . 

The  aim  of  off-line  propagation  analysis  procedures  is  to  provide  ‘‘requency 
selection  data  which  will  give  the  communicator  a  90%  probability  of  satisfactory 
communication  at  any  time,  assuming  that  the  basic  characteristics  of  the 
communications  system,  eg  transmitter  power,  antenna  types,  etc,  have  been  correctly 
specified  in  the  system  design.  Typically,  the  frequency  selection  data  would  be 
provided  in  the  form  of  an  optimum  working  frequency  (OWF>  on  an  hour-by-hour  basis. 
Although  propagation  analysis  programs  are  being  continuously  refined,  they  have 
certain  fundamental  limitations  which  lead  to  off-line  OWF  predictions  b«lng 
adequate,  rather  than  optimum,  for  many  purposes;  the  most  important  of  these 
shortcomings  are; 

(a)  The  effects  of  interference  from  other  spectrum  users  are 

not  included  in  the  analysis  and  prediction  model; 

(b)  The  propagation  data  base  used  for  computation  of  predicted 

circuit  performance  is  limited; 

(c)  The  significant  effects  of  perturbations  such  as  sudden 

ionospheric  disturbances  (SlD*s),  ionospheric  storms  and 
polar  cap  events  (PCE's)  cannot,  by  their  very  nature,  be 
taken  into  account  in  the  analysis; 

(d)  The  effects  of  relatively  transient  propagation  phenomena  , 
such  as  sporadic  E-layec  refraction,  can  only  be  described 
approximately; 

(e)  The  "confidence  level"  for  the  OWF  predictions  is  normally 

only  90%. 

To  overcome  some  of  the  above  limitations  in  long-term 
ionospheric  forecasting  techniques,  short-term  forecasting  techniques  have  also  been 
developed.  These  involve  real-time  observations  of  solar  and  ionospheric  parameters, 
together  with  feedback  concerning  which  frequencies  are  propagating  at  a  given  time 
on  selected  circuits.  Clearly,  these  procedures  will  tend  to  overcome  some  of  the 
data  base  restrictions  of  the  long-term  forecasts;  however,  the  following  points 
should  be  noted: 

(a)  Correction  data  can  only  be  provided  on  the  basis  of  sampled 
real-time  conditions  and  therefore  will  not  be  uniformly 
accurate  for  all  links; 

rb)  There  are  logistic  and  economic  problems  associated  with  the 
timely  dissemination  of  the  correction  data; 

(c)  In  general,  the  corrections  do  not  indicate  which  of  a  set 


of  tissign‘?d  cnann»'ls  is  likely  to  provide  the  best 
qrade  of  s-‘rvire; 

(d )  As  with  lonq-t^rm  forecasting  techniques,  the  effects  of 
manmad*^  interfering  signals  are  not  indicated. 

For  the  reasons  listed  <3bove,  off-line  propagation  analysis  cannot  normally 
provide  circuit  parameter  forecasts  with  a  degree  of  confidence  required  for  HF 
communication  where  high  reliability  and  availability  is  essential.  Accordingly^ 
increasin'!  emphasis  is  beino  given  to  methods  for  characterising  HF  channels 
accurately  in  real-time,  le  RTCF,. 

2.  thf:  satuhk  ok  htce 

There  are  two  basic  sources  of  signal  distortion  associated  with  HF  paths,  i 
time  and  frequency  dispersion.  The  combined  effects  of  these  two  distortion 
mechanisms  can  be  represented  by  the  "channel  scattering  function",  a  typical  example 
of  which  is  shown  in  Fig.  1.  in  essence,  this  function  shows  the  dispersive  effects 
of  the  channel  on  an  ideal  impulse  in  the  time  domain  and  on  a  single  frequency  CW 
tone  in  the  frequency  domain.  In  the  example  illustrated,  three  discrete  propagation 
modes  are  shown:  these  might  arise  from  refraction  by  different  ionospheric  layers 
and/or  multiple  refractions  from  individual  layers.  A  given  scattering  function  will 
only  be  a  valid  description  of  the  channel  for  a  specific  transmission  frequency  and 
over  an  interval  during  which  the  "dispersion  surfaces"  remain  sensibly  constant. 
However,  it  is  not  necessary  for  a  communicator  or  HF  system  controller  to  know  what 
detailed,  fundamental,  physical  principles  give  rise  to  the  propagation  phenomena 
which  affect  the  performance  of  the  communication  system  -  that  is  the  task  of  the 
ionospheric  physicist;  rather,  that  person  should  have  access  to  the  parameters  of  an 
appropriate  real-time  model  which  describes  the  path  behaviour  adequately.  This  model 
data  can  then  be  used  to  control  the  operation  of  the  system  and  to  adapt  optimally 
the  signal  generation  and  processing  algorithms. 

A  definition  of  RTCE  (Darnell,  1978),  now  adopted  by  CCIR  (CCIR,  1981),  is: 

"Real-time  channel  evaluation  is  the  term  used  to  describe  the  processes  of  measuring 
appropriate  parameters  of  a  set  of  communication  channels  in  real-time  and  of 
employing  the  data  thus  obtained  to  describe  quantitatively  the  states  of  those 
channels  and  hence  their  relative  capabilities  for  passing  a  given  class,  or  classes, 
of  communication  traffic". 

As  a  result  of  the  above  definition,  the  following  points  should  be  noted: 

(a)  The  RTCE  process  is  essentially  one  of  deriving  a  numerical 
model  for  each  individual  channel  in  a  form  which  can 
readily  be  employed  for  p-'formance  prediction  and  system 
control  purposes. 

(b)  A  particular  RTCE  algorithm  must  generate  a  channel  model  in 
a  form  appropriate  to  the  class,  or  classes,  of  traffic 
which  it  is  required  to  transmit  over  the  channel.  For 
example,  a  channel  model  required  for  75  bits/s  telegraphy 
would  normally  be  expected  to  be  considerably  less  complex 
than  that  for  a  2,4  kbits/s  digitised  speech  link. 

(c)  The  term  "real-time"  implies  that  the  measured  channel 

parameter  values  are  updated  at  intervals  which  are  less 
than  the  overall  response  time  of  the  communication  system 
to  control  inputs.  If  measurements  are  made  r.  ore  frequently, 
the  information  cannot  be  employed  effectively  by  the 
communication  system  and  is  thus  redundant. 

(d)  The  output  of  the  RTCE  process,  in  the  form  of  an  estimate 
of  the  relative  capabilities  of  a  set  of  channels  to  pass 
various  forms  of  traffic,  must  be  expressed  in  terms  which 
are  meaningful  to  the  communicator  and  system  controller,  eg 
a  predicted  error  rate  for  digital  data  or  a  level  of 
intelligibility  for  analogue  speech.  In  an  earlier  lecture 
(Darnell,  1963),  it  was  shown  that  RTCE  is  an  essential 
prerequisite  for  the  application  of  automatic  system  control 
procedures. 

(e)  RTCE  is  not  simply  concerned  with  more  accurate  and  timely 

monitoring  of  HF  propagation  conditions,  but  also  with 
characterising  the  effects  of  interference  from  other 
spectrum  users.  This  is  particularly  important  because, in 
many  Instances,  it  is  interference  which  is  the  factor 
limiting  communication  system  performance,  rather  than 
propagation. 

(f)  Also,  as  was  shown  previously  (Darnell,  1  983),  in  addition 
to  providing  information  on  the  optimum  frequency  for 
transmission,  RTCE  should  ideally  give  an  Indication  of  the 
optimum  start  times  and  durations  of  transmissions. 

(g)  In  the  form  defined  above,  RTCE  will  not  simply  select 

channels  propagating  via  "conventional"  ionospheric  modes 
but  will  also  make  use  of  more  transient  modes,  eg  sporadic 
B-layer  refraction  and  meteor  burst,  if  appropriate. 


Most  channel  models  generated  by  practical  RTCE  systems  are  relat»=‘d  to  the 
channel  scattering  function  and  tend  to  fall  into  either  the  time  domain  or  fr»xjuenc\' 
domain  category^  depending  upon  the  nature  of  the  signals  to  be  passed  over  the 
associated  communication  link. 

3.  A  GENERALISED  RTCE  ALGORITHM 

It  is  assumed  that  the  state  of  any  HF  communications  channel  can  be 
characterised  by  a  set  of  n  distinct  measurable  parameters  which  are  functions  of 
both  frequency  f  and  time  t,  ie 

p|(f,  tl,  t), . .  Pn*^' 

This  set  of  parameters  can  be  expressed  as  a  column  vector^P(f,  f),  wh‘-'re 


p,(f,  t) 

P2ff/  t) 


(P(f,  t)) 


The  definition  of  RTCE  implies  that  the  channel  parameters  will  be  sampled  at  a 
constant  rate  consistent  with  the  minimum  response  time  of  the  communication  system; 
let  this  sampling  interval  be  T  and  the  numbe**  of  alternative  channels  in  the 
available  set  be  m.  Hence,  at  the  k  th  sampling  instant  when 


and  for  the  i  th  frequency  channel  of  the  set  for  which 


(i  integer  1  ^  i  4  m) 


expression  (2)  becomes: 


\pn"'T>  /  L 

Now,  defining  an  "RTCE  weighting"  matrix  as  the  row  mat r i x^a) where: 

(h)  =  (*1  ^2  . ^n) 

and  an  RTCE  "figure  of  merit",  Q-,  for  the  i  th  channel  as: 


=*  (A)(P(kT)) 


Therefore 


(kT) 


*  a„p„(kT)l 


As  will  be  discussed  later  in  this  lecture,  in  practical  RTCE  schemes  only  one 
of  the  parameters  p^,  P2»  ...  is  normally  employed  as  the  basis  of  measurement; 
thus  the  RTCE  weighting  matrix  reduces  to; 


^A)  =  (O  0  0  _  0  0 _  0  0  o) 


and  the  figure  of  merit  is  given  by; 


Q.  (kT)l 
f: 


la^  pj(kT)  1| 


( j  integer  1  4  j  ^  n ) 


In  addition  to  the  use  of  the  sampled  values  of  the  set  of  measurable  parame..''rs 
for  RTCE  purposes,  the  various  time  derivatives  of  those  parameters  may  also  be 
sampled  and  used  to  characterise  the  behaviour  of  the  channels  with  time.  For 
example,  a  column  vector  of  first  time  derivatives  of  the  n  parameters  and  a 
corresponding  row  vector  of  RTCE  weighting  coefficients  can  be  defined  in  a  similar 
manner,  ie 


()-4 


(B)  =  (fbi  hj  .  b„) 


( 12) 


Th-^  cor fr^spondi ng  hTCF.  *‘igur^  of  for  the  i  th  channel-  is  thjs; 


(!  15 


Again,  in  practical  RTCE  syste'ns,  the  weighting  mat»'ix  will  take  t  ne  form: 

(b)  =  (o  0  0  _  _ 0  0  o)  (14) 

Other  figures  of  merit  employing  higher  order  time  deivatives  can  be  introtluc-^d 
if  appropriate.  Th*-*  (jverall  channel  selection  decision  will  in  general  depend  anon  a 
weighted  combination  of  the  various  figures  of  merit  which  will  be  termed  th‘=* 
"channel  pref-^renc^  factor"  (CPF),  where 

rpKlkr)j  =  PI  Q^lkTI,  Qj^(kT),  . )  I  (15) 

=  P  I  (A){P(kr)),  (B)(P(kT)),  . )  (161 

'  f) 

The  nature  of  the  particular  RTCF.  algorithm  used  in  any  given  situation  will 
f rrr  i  n*»  the  form  of  combining  function  F{  }  and  of  t  h*'  weighting  matrices  (i)‘  /’S). 
etc.  However,  in  general,  their  form  will  be  influenced  primarily  by: 


fa)  rho  communications  objectives  of  the  syst^'m  which  the  RTCF 
algorithm  is  intended  to  support,  eg  whether  single  modf- 
propagation  is  necessary,  whether  the  maximum  possible 
signal-to-noise  ratio  (SSR)  is  required,  what 
electromagnetic  compatibilityconstraints  have  to  be 
sa  t i s  f i ed ,  etc; 

(b)  The  capabilities  and  limi*-ations  of  the  available  rf  and 
process  i  ng  equi  pment-. 


The  overall  function  of  the  htCF  system,  therefore,  is  to  compute  rhe  CPF  for 
•Mch  member  of  the  set  of  m  avail  able  channels,  ie 


CPF(kT)  I  for  I  ^  i  <  m 


(17) 


and  then  to  select  the  value,  or  values,  of  i  for  which  the  CPF  is  a  tnaximum.  A 
further  important  function  of  the  RTCF  process  may  be  to  rank  th^  fmaining  channels 
of  the  set  in  order  of  pref,-»rence  in  order  to  identify  possible  stand-by  channels. 


Therefore,  in  its  simplest  form,  a  generalised  RTCF  algorithm  may  be  repress.',  t -'d 
d  i  ag  r  ama  t  i  c  a  1  1  y  as  shown  in  Fig.  2  with  the  <  jy  r  basic  i  n  put  s  of 


-  propagation  lata 

-  i  nterf  erence-'noi  S'>  data 

-  comrraini  cat  ion  syst-m  obj«»ctive« 

-  equipment  chanc t  »r  i  st  i cs . 

In  a  more  detailed  form,  the  generalised  RTCF  algorithm  discussed  above  can  b^ 
represented  by  the  schematic  ar  rangem-»nt  illustrat^’d  in  Fig.  3,  for  par^m-^ters  and 
their  first  derivatives. 


4.  SCENARIOS  FOR  THF  APPLICATION  OF  RTCF 

Three  practical  RF  communication  scenarios  in  which  RTCK  tecnique<?  ar-’ 
applicable  will  now  be  discussed  (o.arn*=»}l,  1975): 

4,1  Class  I  HTi’K;  Remote  Transmitted  Signal  Pr e-pr ocet5<;i qg 

Fig,  4  shows  a  block  diagram  of  what  will  be  termed  a  Class  1  RTCfc  system.  It  is 
applicable  to  the  situation  in  which  a  r-inofe  or  tobile  t.-r, final  wishes  to  pass 
traffic  to  a  base  station  on  a  random  or  scheduled  basis.  An  RTCF  probing  signal, 
x(t),  is  transmitted  at  appropriate  intervals  over  the  HF  channel  from  the  bas-^* 
station.  Apart  from  spectral  occupancy  and  EMC  constraints,  there  is  no  limitation 
upon  the  form  of  x(t).  Specialised  processing  equipment  at  the  r ’mote  terminal 
performs  an  analysis  of  the  received  version  of  the  RTCE  signal,  yft),  and  hence 
fomiilates  an  appropriate  p.ith  nolel.  In  the  mofielling  process,  RTCE  information  from 
other  sources  can  be  i  nco -por  a  t  ed  if  available,  eg  via  the  analysis  of  other  RTCE 
[irobing  signals  from  separate  sources,  data  transmitted  to  the  remot-'  t.’rminal  via 
other  propagation  media  such  as  satellites  or  VLF,  etc.  The  mode]  is  then  us‘=‘.i  to 
deriv»^  control  data  for  f>re-processi  ng  the  r'mote  t  ransm  i  t  t»:*d  signal,  rft*,  to  yi'Id 
a  signal,  r’(t),  which  is  subsequently  transmitted  over  the  chann'=‘l  and  receiv--’;! 
the  base  as  r"!?.).  Ideally 


r"(t) 


r ( t  -  d) 


(18) 


where  d  is  the  effective  pr  cpaqa  t  ion  delay.  It  is  clear  thit  »his  type  of  RTCE  and 
procGssinq  necessitates  an  assumption  of  propaqation  reci  prc  .7i  ty ,  i?  rhe  profagarior. 
model  for  the  base-to-remote  path  is  an  adequate  description  of  the  rem ot e-t o-ba so 
path  also.  Normally,  this  premise  is  reasonably  accurate,  provided  that  allowance  is 
made  for  any  differences  in  charac  -.eristics  between  baseband  r^^mote  transmitter, 
receiver  and  antenna  conf iqurations. 

4.2  Class  II  RTCE;  Base  Transmitted  Signal  Pre-processing 

The  basic  block  diagram  of  a  Class  II  RTCE  system  is  given  as  Fig.  S.  In 
essence,  the  technique  employs  base  station  single-site  RTCE  m  order  to  determine  an 
appropriate  pre-processing  algorithm  for  communications  transmissions  from  that  base 
station  to  remote  stations  in  defined  locations.  The  RTCE  probina  signal,  xit),  is 
radiated  by  the  base  transmitter;  energy  returned  from  the  channel  to  the  base  in  the 
form  of  a  signal  y{t)  is  then  employed  to  formulate  an  appropriate  channel  model.  The 
model  is  then  used  to  derive  the  pre-processing  algorithm  which  vs  applied  to  th-' 
base  transmission,  r(t),  to  give  a  signal  r*(t».  Note  that  r'tt)  and  x(t)  may  be 
multiplexed  if  operationally  convenient.  At  the  remote  terminal,  the  signal  r’(t'  is 
as  r"(t)  and  again  ideally 

r"(t)  =  rit-d)  (IQ' 

where  d  is  the  propagation  delay.lt  is  also  possible  for  the  RTCE  modelling  process 
to  mak®  use  of  data  from  other  sources,  eg  by  monitoring  transmissions  from  other 
stations  in  the  vicinity  of  the  remote  terminal(s).  In  practice,  Class  II  RTCE  is 
applicable  to  broadcast  type  systems. 

4.3  Class  Til  RTCE:  Remote  Received  Signal  Processing 

Fig,  6  shows  th*^*  g-^neral  format  of  a  Class  III  KICK  system.  As  in  the  case  of 
Class  11  RTCE,  the  RTCE  probing  signal,  x(t>,  and  the  base  station  traffic  signal, 
r(t),  are  multiplfsxed  prior  to  transmission  over  the  HF  channel.  At  the  remote 
terminal,  the  received  RTCE  signal,  y(t),  is  demultiplexed,  processed  and  then 
employed  to  form  a  model  of  the  channel  which  is  subsequently  used  to  control  the 
signal  processing  strategy  to  be  applied  to  the  distorted  version  of  the  traffic 
signal,  r*(t),  to  produce  the  corrected  traffic  estimate,  Again,  the  obj-^ctive 

is  to  make  this  estimate  identical  with  the  original  traffic  signal.  Once  mere,  RTCE 
data  from  other  sources  can  be  incorporated  into  the  model  formulation  process. 

The  scenarios  outlined  above  describe  open  loop  situations  in  which  traffic  flow 
is  basically  unidirectional.  In  many  practical  cases,  bidirectional  traffic  flow  will 
be  required  and  thus  equipment  of  say  the  Class  I  or  Class  III  types  might  have  to  be 
provided  at  both  terminals.  Alternatively,  the  availability  of  feedback  between  the 
terminals  in  the  form  of  a  low-rate  engineering  order  wire  fEOW)  would  enhance  the 
fl<»xibility  of  the  procedures  and  allow  RTCE  data  to  be  transferred  between  receiver 
and  transmitter.  However,  for  reliability,  the  EOW  itself  would  also  require  some 
form  of  RTCE,  Auxiliary  inputs  to  the  RTCE  process  in  the  form  of  data  passed  via 
separate  communications  media,  relay  from  other  remote  terminals,  interpolation  or 
^■>xt  rapolat  ion  using  other  RTCF.  probing  transmissions,  -s^tc,  should  always  be  sought 
to  increase  reliability. 

5.  PRACTICAL,  RTCE  SYSTEMS 

To  date,  many  different  forms  of  RTCE  systems  hav®  been  developf^d,  making  use  of 
a  variety  of  measurable  parameters.  Examples  of  specific  parameters  on  which  RTCE 
algorithms  have  been,  or  could  be,  bash'd  are: 

(a)  Signal  amplitude; 

(b)  Signal  fr^=*quency; 

(c)  Signal  phase  (absolute  or  differential); 

(d)  Propagation  time  (absolute  or  relative); 

(e)  Noise  or  interference  level; 

(f)  Channel  impulse  response  function; 

(g)  Signa l-to-noi se  or  signal-to-interference  ratio; 

(h)  Energy  distribution  within  the  channel  bandwidth; 

(i)  Received  digital  data  error  rate; 

(j)  Received  speech  intelligibility  level; 

(k)  Telegraph  distortion  factor; 

(l)  Rate  of  repeat  requests  in  an  ARQ  system. 

Examples  of  RTCE  systems  which  have  been  developed  to  at  least  a  working 
prototype  stage  will  now  be  described  in  the  following  sections.  In  general, 
practical  RTCE  systems  fall  into  three  basic  categories: 

-  Those  which  operate  on  any  frequency  in  the  HP  band,  on 
the  assumption  that  they  cause  negligible  interference 
to  other  spectrum  users; 

Those  which  operate  only  in  the  frequency  channels 
assigned  to  the  communication  systems  which  they  are 
designed  to  support; 


Those  which  operate  within  a  single  assigned  channel 
which  may,  or  may  not,  be  passing  communication 
traf f ic. 


Systems  falling  in  the  first  of  these  categories  will  now  be  discussed. 
6.  RTCE  SYSTEMS  NOT  CONSTRAINED  TO  OPERATE  IN  ASSIGNED  CHANNELS 


6.1  Pulse  Sounding 

The  pulse  sounding  technique  was  originally  developed  as  an  aid  to  fundamental 
ionospheric  research,  with  its  value  as  an  RTCE  tool  only  being  appreciated  at  i 
later  stage.  Pulse  sounders  require  dedicated  transmitters  and  receivers  operating  on 
the  basis  of  time  and  frequency  synchronism.  A  high  power  sounding  transmitter 
radiates  short  pulses  in  a  pre-determ i ned  time  sequence  on  a  large  number  of 
specified  frequencies  covering  part,  or  the  whole,  of  the  HF  band.  Th»;- t  i  me  f  requenc\' 
schedule  is  under  the  control  of  the  system  program,  which  must  be  identical  for  both 
transmitter  and  receiver.  The  program  timing  is  controlled  by  master  clocks  at 
transmitter  and  receiver;  these  independent  clocks  can  themselves  be  synchroni  S‘'Ki  by 
means  of  an  external  standard  time  transmission  such  as  MSF  or  WWV,  with  appropriat-^ 
allowance  being  made  for  differences  in  propagation  time  to  th*^  two  sitps. 
Alternatively,  the  requirement  for  alignment  using  an  external  standard  can  be 
eliminated  if  atomic  clocks  are  available  at  the  both  transmitter  and  receiver. 


If  the  transmitted  pulse,  x(t),  is  of  short  duration,  the  response 
sounding  receiver  corresponds  to  an  approxima^-e  channel  impulse  r--^sponse'  for 
the  m  channels  on  which  a  transmission  is  made.  The  received  signal  is  giv-'r 
convolution  integral 
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where  h(u)  is  the  unit  impulse  response  function  of  the  channel  and  u  is  =i  t  i  .re 
variable.  If  x(t)  is  an  approximate  impulse,  then  y(t)  is  evidently  proportional  to 
the  impulse  response  function  h(t).  One  way  of  overcoming  very  rapid  variations  in 
the  response  is  to  transmit  several  pulses  on  each  channel  and  compute  an  average 
response. 


The  output  intormation  from  an  ionospheric  sounder  is  normally  presented  in  the 
form  of  a  visual  display  termed  an  "ionogram",  which  is  essentially  a  two-dimensional 
projection  of  a  raster  of  impulse  responses  for  the  m  channels,  as  illus»-rated  in 
Fig.  7.  Fig.  7(a)  shows  typical  impulse  responses,  indicating  th*=>  presence  of 
different  degrees  of  multipath  propagation,  taken  from  the  complete  m-channel  ^irray; 
Fig.  7(b)  is  a  projection  of  this  raster,  in  the  sense  indicated,  which  forms 
ionogram  display  of  ionospheric  mode  structure  in  the  propagation  delay  (d)  - 

frequency  plane.  In  the  RTCE  context,  the  ionogram  can  then  bo  used  to  select  say  a 
region  of  single-mode  propagation  having  minimum  time  dispersion  -  as  shown  in  Fig. 
7(b).  Alternatively,  if  no  region  of  single  mode  propagation  can  be  identified,  a  CPF 
for  each  channel  could  take  the  form: 


CPF 

_ 

fEnergy  in  strongest  mode  1  1 

LTotai  energy  in  all  modesj  ' 

The  more  nearly  the  CPF  approaches  unity,  the  closer  propagation  would  be  to  single 
mode.  Allowance  would  also  have  to  be  made  for  the  relative  total  energies  in  the 
propagating  channels  to  ensure  that  an  adequate  SNR  was  maintained. 

6.2  Modulated  Pulse  .Sounding 


An  important  practical  modification  to  the  basic  pulse  sounding  technique 
described  above  is  to  apply  digital  modulation  to  each  of  the  transmitted  pulses  in 
order  to  increase  the  signal  processing  efficiency  of  the  system.  This  process 
provides  two  important  performance  enhancements: 


(a)  It  enables  pulse  compression  coding  to  be  applied  (in  the 

same  way  as  in  some  types  of  radar)  in  order  to  improve  the 
time  resolution  of  the  system  without  having  to  resort  to 
shorter  pulses,  and  hence  increased  peak  transmitter  powers. 
For  a  given  time  resolution  and  quality  of  impulse  response, 
it  is  necessary  to  use  a  certain  amount  of  transmitted 
energy  to  probi  che  channel;for  unmodulated  pulses,  this 
energy  must  be  applied  in  the  form  of  short-duration,  high 
amplitude  pulses  whilst,  with  pulse  compression  modulation, 
the  energy  can  be  applied  at  lower  amplitude  over  a  much 
longer  interval,  but  still  achieving  the  required  time 
resolution. 

(b)  The  RTCE  transmission  can  be  encoded  with  small  amounts  of 

data  via  manipulation  of  the  pulse  modulation,  eg  to 
describe  noise/interference  levels  In  assigned  channels  at 
the  transmitter  site. 


Several  forms  of  pulse  compression  codinq  have  been  developed;  these  include 
Barker  codes  (Barker,  1953),  Huffman  sequences  (Coll  &  Storey,  1964),  binary 
sequences  of  length  >  13  bits  with  autocorrelation  functions  (acf's)  approxi mat i nq  to 
an  impulse  (Mann,  1968)  and  complementary  sequences  (Darnell,  1975).  With  all  these 
forms  of  modulating  signal,  the  impulse  response  of  a  given  channel  is  obtained  by 
computing  the  input-output  crosscorrelation  function  (ccf).  For  a  linear  system  with 
input  x(t),  output  y(t)  and  unit  impulse  response  function  h(t),  the  input-output 
ccf,  is  given  by  (Lee,  1960): 
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,  {  X )  is  the 


h  (u ) 
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where  X  and  u  are  time  variables,  T*  is  the  correlation  interval  and 
input  ncf.  Using  expression  (23),  it  can  be  seen  that  if  the  input  acf  is  an 
approximate  impulse,  then  the  ccf  j0^j^y('C)  will  be  approximately  proportional  to  the 
system  impulse  response  function. 

Ionospheric  pulse  sounding  is  a  widely-used  method  of  RTCK;  many  individual 
sounders  exist  for  specific  communication  paths,  but  relatively  few  networks  have  yet 
been  implemented.  Possibly  the  most  ambitious  pulse  sounding  scheme  designed  to  date 
was  the  Common  User  Radio  Transmission  System  (CURTS)  (Probst,  1968),  in  which  a 
network  of  pulse  sounding  transmitters  was  set  up  giving  complete  area  coverage  for 
all  user-  witn  compatible  sounding  receivers.  CURTS  is  an  example  of  a  Class  I  RTCE 
system. 


6.3  Chirp  Sounding 

It  is  also  possible  to  employ  a  fundamentally  different  technique  known  as 
"chirp"  sounding  to  obtain  an  ionogram  display;  as  its  name  implies,  chirp  sounding 
makes  use  of  a  swept-f requency  transmission  as  a  channel  probing  signal  (Barry  & 
Fenwick,  1  965).  The  sweep  is  typically  linear  with  tim'^,  but  may  take  other  forms. 
Again,  synchronisation  between  transmitter  and  receiver  is  necessary.  Fig.  8 
illustrates  the  principle  of  the  technique:  in  a  multipath  propagation  situation, 
several  weighted  versions  of  the  transmitted  sweep  will  be  received  as  shown.  If  a 
correctly  timed  local  oscillator  sweep  is  available  at  the  receiving  site,  this  can 
be  mixed  with  the  Incoming  sweep  components  to  y)2ld  the  difference  frequency 
components  which  are  then  subjected  to  spectral  analysis. 

At  time  t|^,  the  frequency  of  the  synchronised  local  oscillator  sweep  is 

fmin  *  ^  ’^k  '24) 

dt 

whilst  the  corresponding  frequencies  of  the  received  component  sweeps  are 
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After  mixing  with  the 
difference  signal  are: 
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Hence,  propagation  delays 
that  the  mixing  process  is 

are  translated  directly  into  frequency 
linear,  the  relative  amplitudes  of  the 

of  f  sets, 
individual 

Assum i ng 
received 

sweep  comp'"  ents  will  be  preserved.  Time  dispersion  due  to  the  distributed  nature  of 
the  ionospii  tic  refraction  process  will  cause  the  received  sweep  components  to  be 
broadened  away  from  ideal  spectral  lines.  Therefore,  if  the  mixer  output  is  displayed 
on  a  spectrum  analyser,  a  propagation  mode  profile  equivalent  to  the  channel  impulse 
response  will  result;  taking  a  projection  of  the  spectrum  analyser  output  as  a 
function  of  local  oscillator  frequency  will  again  yield  an  ionogram. 

6.4  Modes  of  Operation  for  Ionospheric  Sounders 

The  ionospheric  sounding  systems  described  in  the  previous  three  sections  can  be 
operated  in  oblique  incidence,  vertical  incidence  or  backscatter  modes. 


Oblique  incidence  implies  that  the  sounding  transmitter  and  receiver  are 
geographically  separated  so  that  the  transmitted  energy  impingts  upon  the  ionospheric 
layers  obliquely.  This  form  of  sounding  can  thus  be  used  as  the  basis  of  a  class  I  or 


class  lit  RTCE  system. 


Vertical  incidence  sounding  employs  a  transmitter  and  r'»c»^iver  whi.'h  are  co¬ 
sited,  The  sounding  transmi  ssions  are  directed  vertically  upwards  at  the  ionospht^ro 
in  order  to  determine  its  structure  just  above  the  sounding  sit*^.  Obli.que  i  ncid'^rc*-* 
character!  St  ics  may  be  inferred  from  vertical  incidence  measurem^^nts.  This  of 
single-site  RTCE  is  therefore  well  suit^'d  to  Class  Tt  scenarios. 

Backscatter  sjunding  is  similar  in  character  to  vertical  vncidenc*^  souniling  in 
that  it  can  be  cirried  out  from  a  single  site,  or  closely  spaced  transmitter  ^r.i 
receiver  sites.  However,  the  transmitted  energy  is  now  radiated  obliqu>^ly  rath-;‘r  than 
vertically  to  enable  the  ionospheric  structure  in  a  desired  direction  of  propagation 
to  be  evaluated.  The  received  signal  arises  from  energy  which  has  been  r-^f  ra**^ -»d  by 
the  ionosphere  over  a  path  away  from  t  h''  transmitter,  reflected  from  •'ar'-h's 
surface,  and  then  propagates  back  to  the  receiver  via  a  similar  i  onosph-^*  r  i  c 
refraction  in  the  reverse  sense.  The  technique  is  normally  only  applicable  to  single 
hop  paths  since  multiple  hops  give  rise  to  exo-'ssjv-’  received  signal  attenuation. 
Also,  the  received  scattered  energy  is  at  a  much  lower  level  than  with  vertical  or 
oblique  incidence  propagation,  thus  necessitating  much  higher  radiated  powers  and 
giving  poorer  definition,  Backscatter  sounding  is  clearly  applicable  to  Class  II  HTCE 
scenarios. 

7.  HTCE  SYSTEMS  CONSTRAINED  TO  OPERATE  IN  ASSIGNED  CHANNELS 


Whereas  the  RTCE  systems  described  in  the  previous  sections  are  designed  to 
operate  anywhere  in  the  HE  band  on  the  assumption  that  the  interference  they  cause  to 
other  users  of  the  spectrum  will  be  negligible,  there  are  other  forms  of  htce 
specifically  intended  to  function  only  in  the  channels  assigned  for  use  by  the 
communication  systems  which  they  are  r-^'quir-'d  to  support.  Since  the  assumption  of 
negligible  interference  by  ionospheric  sounders  is  questionable,  often  being 
critically  dependent  upon  the  nature  of  the  transmission  being  interfered  with,  the 
latter  class  of  RTCE  systems  would  anp'^ar  to  have  more  potential  for  widespread 
application  in  future  by  virtue  of  its  more  efficient  spectrum  utilisation;  also,  as 
discussed  in  an  earlier  lecture  (Darnell,  1983),  such  systems  would  tend  to  employ 
the  same  RF  and  processing  units  as  used  by  the  communication  syst^'m,  thus  resulting 
in  economy  of  implementation. 


7.1  Channel  Evaluation  and  Calling  (CHEC)  System 

The  CHEC  system  was  developed  in  Canada  to  improve  the  reliability  of 
communication  between  long-range  maritime  patrol  aircraft  and  ground  stations,  with 
the  emphasis  being  placed  upon  the  air-to-ground  link  (Stevens,  1968).  CHEC  was 
design^  for  a  situation  where  one  or  more  mobiles  are  required  to  pass  traffic  to  a 
base  station.  On  each  of  the  m  assigned  channe  Is,  where  m  w  ou  Id  normally  be  <  20,  the 
CHEC  base  transmitter  radiates  in  sequence  a  probing  signal  of  several  seconds’ 
duration  comprising  a  selective  calling  code,  data  on  the  average  noise  level  at  the 
base  station  in  that  channel,  togcth‘'r  with  a  CW  section.  At  the  remote  receiver 
alerted  by  the  selective  calling  code,  the  base  station  average  noise  levels 
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for  the  subset  of  k  channels  actually  propagating  to  the  mobile  are  decoded  to  give 
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The  subset  of  corresponding  average  received  signal  levels  at  the  mobile 
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are  evaluated  using  the  CW  sections  of  the  base  transmissions.  Thus,  by  assuming 
propagation  reciprocity  and  also  making  allowance  for  differences  in  antenna  gains 
and  transmitter  powers  between  base  and  mobile,  a  proc*»ssor  at  the  mobile  comput-'s  .a 
predicted  average  signa 1-to-noi se  ratio  for  its  own  t ran smi ssions  propagating  to  th* 
base  in  each  of  the  k  channels.  Therefore 


I,,  ■  ['  -sm]  I,, 
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where  g  is  a  channel  dependent  factor  to  compen sa t-*  for  the  inff‘'rence5  in  anf-^nna 
and  transmitter  c ha r ac I e r i s t i cs  between  base  and  mobile.  The  optimum  channel  for 
mobi 1 e-to-ba se  communication  is  then  given  by  the  value  of  j  for  which  the  SNR  is  a 
maximum.  In  experimental  form,  CHEC  was  shown  to  give  significant  improvemenis  in 
channel  availability  and  reliability. 


Other  systems,  similar  in  concept  to  CHEC  but  applicable  to  differ. *nt 
operational  requirements,  have  been  devise<3,  eg  a  ship-shore  system  employevi  by  ASWE 
in  the  UK  (Wynne,  1979)  and  the  Canadian  radio  telephone  with  automatic  channel 
evaluation  (RACE)  system  (Chow  et  al,  1981),  The  practical  situations  in  which  CHEC- 


hav  ‘  h»=*i'n  u>pli»?d  corr*»«5pond  t  h»^  Cliss  T  5c*^n.^rio  in  ?«^o’^ic'n 

4 ,  * 

7.?  RTCF  by  Pil^r  Ton»'  FhaR*-*  M**.isur»»m»'*nts 

In  Mils  the  RTCE  probing  signal  is  a  sitipl.^  CW  pilot  tone  i  n  s  r '■  at-  a 

«5;iitabio  position  in  the  transmission  channel  bandwidth  (Betts  &  Darnell,  1975).  The 
!  a  ;  I  s  <1^  he  evaluation  procedure  is  that,  after  detection  of  the  pilot  ♦■•one  in  a 
narrow  bandrass  filter  at  the  receiver,  its  phase  variations  are  analysed  and  used  tri 
in‘’->t  the  suitability  of  the  channel  for  the  t  ransm  i  ssi  on  of  various  types  of  traffic 
by  making  use  of  analytical  relationships  between  phase  instability  and  data  error 

rate. 

fn  t  h.'  experimental  system,  the  phase  of  the  riceivod  pilot  t<ine  is  ccampared 
with  that  -if  a  1  oca  1  1  y-generated  reference  phase  jource.  This  phase  difference  is 
s.impled  t  r*Mjular  intervals,  typically  10  ms,  and  the  phase  difference  at  the 
'irrent  saru-linvj  instant,  6^,  compar*fd  with  the  phase  difference  measiired  and  stored 
at  t  lie  |'r-‘','ious  sa-t.jiling  i  nstant  Ideally,  this  phase  differern',’  should  be  /.*ro 

hut  for  practical  channels  will  normally  be  non-zero;  if  the  difference  in  phase 
berwcen  the  two  sampl-s  exceeds  a  certain  preset  threshold  value,  a  "phase  -‘rror" 

is  t-oun  t  ed ,  i  e 


f  ir  a  phase  error. 

rie.^rly,  it  is  necessary  that  the  <Tnnpling  interval  sh<3uld  he  an  integral 
n' 11 1  t  i  r>  I  e  of  the  pilot  tone  p-riod  in  order  that  sampling  takes  place  a**  the  saTi‘» 
poin*  in  the  pil<it  tone  .-Ycle  under  ideal  conditions. 

T))"  parameter  selected  to  indicat*->  the  state  of  the  channel  is  the  number 
ph  1  errors  occurring  in  a  predetermined  measurement  interval,  tyjucaily  100  to  300 
seconds.  For  practical  tests  of  the  system,  a  low-level  pilot  tone  was  frequency 
"1  j  I  t  i  n  1  exed  with  a  2-ton-,  f  requency-exchan  |e  k  »yed  (FFK»  50  f*it/s  binary  data 
signal,  as  illustrated  in  Fig.  9.  By  appropriate  calibration,  the  number  of  pilot 
tone  phas*-*  errors  <*an  V>e  related  to  the  number  of  «lata  hit  errors  over  the  same 
.'n.'asurement  interval.  The  theoretical  relationships  for  steady  signal,  flat  fading 
and  f  revjuency  -  so  1  eel.  i  ve  fading  are  shown  as  solid  lines  in  Fig.  10.  The  [loints 
s  u[)*’ r  i  mposed  upon  l  hese  theoretical  plots  repr-'St»nt  measured  values  and  indicate  the 
typical  scatter  obtained  during  an  experimental  run. 

The  main  conclusion  which  could  be  drawn  from  a  comprehensive  series  of  tests 
was  •■hat,  for  the  groat  majority  of  channel  conditions  encountered,  the  data  error 
raie  which  would  be  experienced  using  a  given  transmission  sch-'.Tu'  over  a  particular 
[lath  could  be  predicted  with  reasonable  accuracy  via  simple  phase  measurements  on 
low-level  CW  pilot  tones.  Thus,  this  lat'^r  p^r^'mer-T  ecu  1<1  be  used  directly  to 
establish  a  CFF. 

Pilot  tone  KTCF  could  he  used  in  aTla^s  I  scenariowher*»a  mobile  requires  to 
communicate  with  a  base  station?  pi  lot  t«,nes  <'ould  be  radiated  by  a  single  wideband 
base  station  transmitter  at  low  lev“l  (typically  a  few  watts)  simultaneously  on  all 
channels  assigned  for  mobi le-to-base  transmission  which  were  dear  of  interference  at 
the  base.  Hence,  as  shown  in  Fig.  ll,  th**  mobil*'  woo  Id  be  able  to  mak*  phase  error 
rate  measurements  on  all  channels  propagating  to  it  from  the  base;  in  the  same  way  as 
for  CHFC,  propagation  recijirocity  would  b»»  assumed  and  allowance  made  for  the 
different  transmitter  and  antenna  character i st ics  at  the  two  sites  in  order  to 
predict  the  channel  likely  to  yield  the  maximum  SNR  at  the  base.  The  disadvantage  of 
the  long  evaluation  time  for  the  pilot  ton^-  methml  could  be  offset  in  some  situations 
by  its  extreme  simplicity  of  i  mplem**nt  at  ion. 

7.3  RTCE  by  Frror  Counting 

A  simple  form  of  RTCE  is  to  probe  the  m  channels  to  be  evaluated  by  means  of  a 
tost  signal  having  essentially  the  same  format  as  the  traffic  signal  to  be  passed 
over  the  path.  Tt  is  convenient  practically  if  the  RTCE  signal  is  digital  so  that 
errors  can  be  counted,  rather  than  having  to  make  more  subjective  assessments  o^ 
quantities  such  as  speech  intelligibility.  The  essential  r-xqui  rem'^nt  is  again  onp  of 
providing  transmission  and  reception  systems  synchronised  in  both  time  and  fre<iuency, 
although  the  accuracy  of  synchronisation  necessary  is  somewhat  l^^ss  than  that  for  an 
ionospheric  sounding  system. 

For  digital  traffic,  the  assigned  channels  can  be  evaluated  in  sequence  using 
exactly  the  same  modulation  format  as  employed  by  the  traffic  transmission  and  the 
corresponding  error  rate  measured  at  the  rec‘»iv=*rj  the  CPF  is  then  r»»lated  directly 
to  the  measured  error  rates.  This  procedur-*  is  equally  valid  for  data  or  digitised 
speech  traffic  since  the  error  rate  for  the  latter  can  also  be  interpreted  in  terms 
of  speech  i ntel 1 i bi 1 i ty  -  as  shown  by  the  empirical  model  for  1.2  kbits/s  digitised 
speech  given  In  Fig.  12. 


A  similar,  but  less  precise,  r»^l  at  I  onsh  i  p  exists  between  analogue  speech 
intelligibility  and  data  error  rate.  Fig,  13  shows  a  baseband  spectrum  in  which 
T;INCOMPEX-proccssed  speech  (Awcock,  I96R)  i  fr**qaenry  multiplf'x^l  with  low-rate 


h-l<l 


binary  FEIK  t  r  jchy.  Fi«g.  14  is  an  •-‘intii  r  i  «'a  i  model  showing  tht?  relationship  between 
LINOOMPFX  speech  intelligibility  and  FBK  iota  error  rate  for  representative  HF  paths; 
iqain,  the  speech  quality  coold  he  predi-'t^q  with  reasonabi...  a--'>:jracy  from  error  rate 
■T'--asur''iTient  s  on  a  simple  digital  RTCF  signal. 

Therefore,  for  all  oommon  forms  of  HF  traffic,  it  appears  feasible  to  carry  oat 
RTCE  via  a  simple  error  counting  procedure. 

The  main  disadvantage  oF  *’he  method  is  the  time  taken  to  accumulate  the  necessary- 
error  count  in  the  case  of  low'-rate  data.  A  technique  termed  "pseudo-error"  counting 
has  been  proposed  to  overcome  this  probleni  (Leon,  1973);  here  the  error  rate  is 
artificially  amplified  by'  the  use  of  an  over-sensitive  detection  m»>thc>d  so  that  the 
rate  measured  by  tli*'  RTCF  system  is  subs  t  ant  i  a  1  ly  greater  than  that  which  would  be 
‘.experienced  by  the  traffic  transmission,  thus  allowing  the  re,^aired  error  count  to  be 
accumulated  more  rapidly.  Because  of  the  inherently  high  error  rates  associated  with 
HF  links,  and  also  the  rapidly  time-varying  nature  of  the  received  signal,  it  may 
well  be  difficult  to  apply  pseudo^er  ror  counting  to  HF  links  due  to  inaccuracy  of 
cal ibrat ion . 

PracMcal  trials  hav»e  been  carried  out  using  a  basic  error  counting  RTCF,  system 
(Darnell,  1978),  Two  types  of  traffic  signal  were  used: 

(a)  7  5  bits-'s  FFK  telegraphy; 

(b)  1.2  kbits/s  digital  data. 

P^ath  lengths  of  700  km  and  1100  km  were  used  in  the  tests,  with  24-hour  operation. 

The  classical  method  of  controlling  an  HF  circuit  using  off-line  propagation 
analysis  data  is  to  select  one  daytime  operating 

frequency  and  one  night-time  frequency,  ie  2-freqaency  working  as  illustrated  in 
Fig. 15.  The  RTCF.  error  counting  trials  compared  the  circuit  availability  using  this 
form  of  2-frequency  working  with  that  obtained  by  employing  the  RTCF.  data  for 
fr‘^quency  sel*3Ction.  On  average,  it  was  found  that  the  use  of  RTCF  increased  the 
circuit  availability  by  approximately  45%.  It  was  evident  from  the  results  that  the 
factor  limiting  circuit  performancewas,  in  most  rases,  manm ad e  interference.  The 
value  of  the  RTCE  proC'^ss  lay  chiefly  in  its  ability  to  enable  the  communicator  to 
avoid  interfering  signals,  rather  than  to  track  propagation  change.?. 

The  RTCE  by  error  counting  method  is  chiefly  applicable  to  Class  I  scenarios. 

8,  RTCF  SVSTF^lS  OPFRATtNG  WITHIN  A  SINGLE  ASSIGNED  CHANNEL 

All  the  RTCE  techniques  described  in  the  previous  sections  have  been  applicable 
to  situations  in  which  the  communicator  has  available  for  his  use  a  number  of 
assigned  channels,  in  many  cases,  however,  a  communicator  may  wish  to  examine  the 
state  of  a  particular  channel  in  more  detail,  eg: 

fa)  To  assess  the  state  of  the  channel  currently  carrying 
traffic  relative  to  the  states  of  alternative  channels; 
obviously,  for  a  number  of  reasons,  it  may  not  be  possible 
to  employ  the  sam«  RTCE  algorithm  for  evaluating  the 
t r a f f i c -ca r r y i ng  channel  as  for  evaluating  stand-by 
channels , 

(b)  To  examine  the  baseband  spectrum  of  a  channel  to  determine 

where  within  that  baseband  a  narrowband  traffic  signal 
should  be  placed  for  minimum  error  rate. 

(c)  To  determine  the  optimum  signal  processing  procedures  to  be 
applied  to  a  traffic  transmission  within  the  channel  by 
making  use  of  an  appropriate  RTCE  model  (Class  III 
op^»rat  i on)  , 

Various  RTCE  techniques  applicable  to  this  single  assigned  channel  situation 
will  now  be  described. 

8.1  Tn-Band  RTCE 

The  term  "in-band  RTCE"  refers  to  a  technique  designed  specifically  for  the 
evaluation  of  sub-channels  within  a  nominal  3  kHz  assigned  channel  bandwidth.  At  the 
receiving  site,  a  real-time  spectrum  analyser  moni tors  the  distribution  of 
noi se/i nterf erence  energy  for  all  sub-channels  within  the  bandwidth  using  a  set  of 
bandpass  filters.  Low-energy  regions  are  identified  and  indicated  to  the  transmitter 
site  by  means  of  a  low-rate  EOW;  this  allows  a  narrowband  traffic  spectrum  (<  3  kHz) 
to  be  adjusted  so  that  the  majority  of  its  energy  falls  in  the  low  noise  sub-channels 
(Darnell,  1979),  Studies  of  narrowband  HP  interference  have  Indicated  that  its 
characteristics  can  only  be  expected  to  be  relatively  static  for  periods  of  a  few 
minutes  (Gott  &  Hlllam,  1979);  thus  it  may  be  necessary  to  make  frequency  changes 
relatively  often.  If  in-band  RTCE  can  be  used  to  select  different  parts  of  an 
assigned  channel  as  the  narrowband  interference  patterns  change,  the  ne^  to  change 
the  frequf^ncy  of  the  transmitter  and  receiver  is  avoided,  thus  Improving  the 
efficiency  of  spectrum  utilisation. 

8.2  RTCE  Using  Soft-Decision  Information 


The  term  "sof t-deci sion*  relates  to  the  confidence  level  associated  with  a 
"hard"  digital  decision.  For  example,  soft  decision  information  could  be  obtained 
from: 


(a)  Amplitude  values  of  a  received  signal; 

(b)  Phase  margin  between  a  phase  reference  and  phase  detected  by 
a  receiver. 

Any  information  which  can  be  extracted  from  a  received  signal  and  subsequently  js»^d 
to  quantify  a  detection  decision  confidence  level  can,  in  principle,  be  used  for  RTCE 
purposes. 

In  a  DPSK  modem  such  as  KINEPLEX  (Hosier  &  Clabaugh,  1  958),  the  phase  margin 
between  the  received  signal  phase,  6j.(t),  and  the  locally  generated  reference  phase, 
could  be  used  as  the  basis  of  the  CPF,  ie 

CPF  =  FI  j  (tl  -  6^(1)  I  I  (34) 

Alternatively,  the  CPF  could  be  a  function  of  both  the  amplitude  of  the  received 
signal  and  its  phase  margin.  Sof  t -deci  si  on  data  of  this  type  has  been  incorporated 
into  an  HF  modem  known  as  CC®EM  (Chase,  1973)  to  enhance  transmission  reliability  and 
to  enable  the  modem  to  reject  data  blocks  not  meeting  the  required  confidence 
criteria. 

8.3  RTCE  in  ARQ  Systems 

An  ARQ  communication  system  typically  formats  the  data  to  be  transmitted  into 
fixed-length  blocks  which  are  then  individually  labelled.  These  blocks  are 

transmitted  sequentially  until  control  data  derived  from  soft-decision  processing  or 
error  protection  decoding  indicates  that  a  given  block  has  been  decoded  erroneously 
at  the  receiver.  '  i  ARQ  signal  is  then  passed  to  the  transmitter  site  via  a  f-»edback 
link,  or  EOW,  r  guesting  a  repeat  transmission  of  the  corrupted  block.  Evidently,  the 
number  of  bluck  repeats  requested  in  a  given  time  interval  will  be  a  m'^asure  of 
channel  quality  and  can  be  used  for  RTCE  purpos*»s. 

8.4  RTCE  by  Traffic  Signal  Modification 

In  some  situations,  it  may  be  impossible  to  obtain  the  required  RTCE  data 

directly  from  the  traffic  signal,  possibly  because  the  sof  t -deci  si  on  parameters  ar-' 

not  accessibl^^  or  as  a  result  of  the  traffic  being  encrypted.  In  the  latter  case,  it 
is  possible  to  modify  the  format  of  the  traffic  by  the  introduction  of  additional 
signal  generation  and  processing  functions  which  will  facilitate  the  extraction  of 
RTCF.  data. 

Possibly  the  simplest  method  of  accomplishing  the  necessary  modification  of  the 
traffic  signal  would  be  to  insert  an  auxiliary,  low-level  pilot  tone  at  a  suitable 
null  in  the  baseband  spectrum  of  the  traffic  signal.  Analysis  of  the  pilot  tone  phase 
error  rate,  as  described  in  Section  7.2,  would  then  allow  the  data  error  rate  for  the 
traffic  channel  to  be  estimated  with  reasonable  precision. 

In  certain  forms  of  encrypted  data  transmission  systems,  a  special  error 
detection  and  correction  (EDO  process  can  be  introduced  in  order  to  yield  RTCF 
information  to  assist  in  overall  system  control;  Fig.  16  shows  such  an  arrangemen- . 
It  is  assumed  that  security  cons  id4=»  rat  i  ons  limit  access  to  the  elements  the 
communication  system  except  for  the  region  shown.  If  an  auxiliary  EDC  system,  shown 
hatched,  is  introduced  into  this  region,  it  can  be  used  to  format  the  encrypted 
traffic  into  arbitrary  codewords  prior  to  transmission.  At  the  receiver,  th*:-  received 
codewords  will  be  decoded  to  yield  the  original  encrypted  traffic  stream;  however, 
the  EDC  algorithm  can  be  implemented  in  such  a  way  that  the  number  of  errors  being 
detected  and  corrected  can  be  continuously  monitored,  thus  indicating  the  state  vof 
the  channel  for  RTCE  purposes. 

9.  NOISE  AND  INTERFERENCE  CHARACTERISATION 

In  previous  sections  of  this  lecture,  the  importance  of  noise  v^nd  manmad'-* 
interference  in  determining  HF  communication  system  performance  has  been  stressed.  In 
areas  of  high  spectral  congestion,  eg  the  central  region  of  Europe,  it  is  normally 
manmade  interference  which  limits  system  performance,  rather  than  propagation,  which 
is  relatively  predictable.  Similarly,  with  the  off-line  propagation  analysis  programs 
discussed  in  Section  1,  one  of  their  major  limitations  stems  from  the  lack  of  an 
adequate  model  for  interference. 

It  is  clear,  therefore,  that  considerable  effort  must  be  put  into  the 
measurement  and  character! sat i on  of  interference,  both  from  the  point  of  view  of  RTCE 
and  of  off-line  analysis. In-band  RTCE  systems  of  the  type  discussed  in  Section  8.1 
could  form  the  basis  of  interference  assessment  systems  for  incorporation  into  RTCE 
procedures.  Other  systems  can  also  be  used  (Cottrell,  1979)  (Barry  6  Fenwick,  1975). 

In  some  cases,  the  interference  assessment  will  be  explicit;  in  others,  such  as 
the  error  counting  technique  described  in  Section  7.3,  the  RTCE  process  evaluatps  the 
combined  effects  of  both  propagation  and  interference  in  a  single  measurement 
process. 


10.  CONCLUSIONS 


10.1  General 


As  was  out  in  a  previous  lecture  (Darnell,  19831,  the  rational'  f'?r 

development  of  rtCE  techniques  is  that  significant  improvements  in  the  use  of  iiF 

propagation  medium  can  only  be  achi-'*ved  if  a  communicator,  or  HF  system  cor.t  ro ;  ; , 
using  a  specific  path  at  a  given  time  has  access  to  real-time  da*-a  on  th-  re'.-^vanr 
path  narameters,  rather  than  having  to  rely  on  off-line  propagation  analysis  which 
can  be  subject  to  appreciable  inaccuracy.  In  particular,  off-line  techni^  je?;  can 
never  providf^  accurate  information  on  noise  and  interference  levels  in  a  given 
channel  at  a  given  time  -  although,  with  further  refinement,  they  iray  well  provide  a 
reasonable  statistical  model  for  such  interference  which  can  be  used  in  th'  ^ysten- 
design  process.  The  need  for  RTCE  is  most  pronounced  for  links  involving  mobil-’ 
tc^rminals  since  the  nature,  orientation,  etc  of  the  paths  will  chang*^*  with  time  thus 
making  off-line  analysis  more  approximate. 

To  date,  there  has  been  considerable  pe  r  i  men  t  a  1  work  on  alternative  RTCF 
techniques,  but  relatively  little  has  been  published  quantifying  their  benefits  in 
relation  to  systems  making  use  of  off-line  data.  One  set  of  results  (Darnell,  1978) 
insdicates  that  an  improvement  in  circuit  availability  of  the  order  of  45%  can  be 
achieved  by  simple  error  counting  RTCF  in  comparison  with  2-fr»'quency  operation; 
however,  much  more  performance  data  is  required  for  other  algorithms. 

It  would  seem  that  dedicated  RTCE  systems  such  as  ionospheric  sounders,  which 
require  expensive  spec i a  1 -pu rpose  equipment  and  cause  significant  spectral 
congestion,  will  not  find  wide  application  in  HF  communications.  Rather,  RTCF 
procedures  which  can  be  integrated  into  the  communications  system,  will  use  the  sam*^ 

basic  equipment  and  will  operate  only  in  assigned  channels  app^^ar  to  offer  a  more 

logical  and  economic  way  forward.  This  may  well  place  additional  requirements  upon 

the  equipment  specified  for  future  HF  communications  in  terms  of  control, 

flexibility,  frequency  agility,  etc. 

Bearing  in  mind  the  above  comments,  the  techniques  which  currently  appear  to 
offer  the  greatest  promi*',e  are: 

(a)  simple  error  counting  (Section  7.3). 

(b)  Pilot  tone  phase  error  measurement  (Sections  7.2  and  8.4). 

(c)  Systems  based  upon  the  general  CHEC  principle  (Section  7,li. 

(d)  The  use  of  auxiliary  EOC  processing  in  encrypted  systems 

(Sect i on  8.4). 

(e)  Passive  monitoring  of  noise  and  interference  cha racter i st i cs 
(Sections  8.1  and  9). 

(f1  In-band  RTCE  within  a  nominal  3  kHz  assigned  channel 
(Sect ion  8.1). 

In  the  context  of  the  overall  HF  communi ca t i on  system,  RTCE  data  could,  in 
principle,  be  employed  as  a  source  of  control  information  to  assist  in  the  adaptation 
of  the  following  parameters: 

Transmitter  power  level; 

Frequency  of  operation; 

Bandwidth? 

Information  rate? 

EDC  algorithm? 

Modulation  type  and  spectral  format; 

Start  time  and  duration  of  transmission? 

Antenna  characteristics,  eg  null  positions; 

Diversity  combining  algorithm 
etc. 


10.2  Potential  Advantages  of  RTCE 

The  potential  advantages  to  the  HF  communicator  arising  from  the  use  of  RTCF.  can 
be  summarised  as: 

(a)  Off-line  propagation  analysis  requirements  can  be  eliminated 
for  operational  purposes;  however,  this  form  of  analysis 
will  still  be  valuable  for  system  planning  purposes. 

(b)  The  effects  of  manmade  interference  can  be  measured  and 

specified  quantitatively,  thus  eliminating  the  major  cause 
of  operational  uncertainty. 

(c)  Relatively  transient  propagation  modes,  such  as  sporadic  E 

layer  refraction,  can  be  identified  and  used  for  high 
quality  communication;  the  presence  of  these  modes  can 
increase  the  available  spectrum  by  as  much  as  2  or  3  times. 

(d)  RTCE  facilitat<»s  the  selection  of  channels  higher  in 
frequency  than  would  have  been  suggested  by  off-line 
propagation  analysis,  hence  reducing  spectrum  congestion. 

(e)  RTCE  provides  a  means  of  automatically  selecting  an  optimum 
transmission  channel  and  of  ranking  stand-by  channels 


in  ord^r  of  preference  -  an  essenf-ial  £)re-requi  s  i  te  f  )r  an 
automatic  HF  system. 

(f)  Radiated  power  can  be  minimised,  consistent  with  a 

received  signal  fidelity  criterion,  thus  reducing  spectral 
pollution. 

(g)  RTCE  provides  the  basic  data  required  for  adaptation  of 

communication  system  parameters  other  than  frequency,  eg 
signal  processing  algorithms,  antenna  charact -'r  i  s  t  i  cs ,  etc. 
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ABSTRACT 

The  Increasing  demand  for  reliable,  low  error-rate,  high-speed  digital  data  transmission  at  HF  has  crea£ 
ed  the  need  for  the  adoption  of  coding  schemes.  As  it  is  well  appreciated  by  the  practicing  communicator, 
a  problem  in  high-speed  data  transmission  is  the  occurrence  of  errors.  Codes  provide  an  effective  approach 
for  Che  reduction  of  the  error  race.  Linear  block  ci>des  (  of  which  cyclic  codes  are  a  subclass)  and  convo¬ 
lutional  codes  are  the  main  categories  of  codes  of  interest  to  HF  coinrunicat  ions .  They  are  capable  of  cor¬ 
recting  random  errors  due  to  white  Gaussian  noise,  as  well  as  burst  errors  due  to  impulse  noise.  In  block 
codes,  a  block  of  information  bits  is  followed  innediacely  by  a  gr<.>up  of  check  bits.  The  latter  verifv  the 
presence  of  errors  in  the  former.  In  convolutional  codes,  check  bits  are  continuouslv  interleaved  -ith  in.tor 
mation  bits,  and  they  check  the  presence  of  errors  not  only  in  the  block  intned  iate  ly  preceeding  them,  but 
in  other  blocks  as  well.  For  the  various  coding  schemes  reviewed  in  the  lecture,  several  numerical  examples 
are  given  ,  to  help  in  the  quantitative  appraisal  of  the  merits  of  a  code,  versus  required  equipment  com¬ 
plexity. 


A.  INTRC'DUCTION 
1.  General 

The  first  half  .'f  the  twentieth  century  brought  about  the  deveKjpment  of  radio  t  oenun  ic  at :  ■n^ ,  charaett-r 
ized  hy  the  transmission  of  messages,  speech  and  television  that  was  mostlv  Ir;  analog  form  (  and  witl.  the 
MF  ionospheric  links  figuring  prominently  in  the  handling  of  the  interc  o;.t  inental  traffic).  The  .second  hall 
has  seoi^  an  uninterrupted  trend  toward  the  digitiration  of  comunicat  ions .  with  far  reaching  cotisequences 
in  terms  of  improved  reliahillty,  increased  operational  speed,  reduced  equipment  size,  freedom  from  >.ali- 
bration  problems,  improved  ability  to  mechanise  c>'mplicated  signal  processing  algorithms,  etc.  ((•.:  1  omb ,  1  . 

^1:  ;  Viterbi  and  CHnura .  I979_,  i_2^  ;  W.'/encraft  and  Jacobs,  I9b3  Q'J  ;  Gallager.  I'^n?  Q  ■ 

Digital  tommunicai  ix>ns  were  given  impetus  by  several  driving  needs,  most  prominently  by  the  ever  wider 
Ing  demand  for  data  exchanges  between  computers  and  remote  tenr.inals.  There  is  .however,  an  additional  as¬ 
pect  that  has  a  great  importance  and  that  directly  relates  to  tiie  topic  of  this  lecture  :  the  ability  of 
digital  teciinlques  to  make  it  feasible  and  practical  Cv)  approach  the  theoretical  efficiency  lim.it  of  a  c  t- 
munUation  channel.  It  is  here,  in  fact,  that  c..HJing  enters  the  picture,  as  an  approach  to  optimize  corriuf:!' 
cations  on  a  given  channel  fin  our  case,  ionospheric  HF  channels)  rather  than  a  way  to  achieve  secrecy  in. 
military  communications. 

In  order  to  bettor  illustrate  the  point  above,  we  must  backtrack  a  few  decades,  and  go  back  to  the  work 
of  Hartley  in  the  late  '20s.  and  to  the  publ  icat  iv'ns  of  Shannon,  Wiener.  Fano  and  other  pioneers  of  digital 
c  ^'mmunicat  iv>ns ,  in  the  mid  ’40s.  These  authors,  all  of  great  tiieoretical  strength,  developed  metlmds  for  the 
computation  of  the  efficiency  of  a  conmunicat  ions  system,  and  established  the  theoretical  maximum,  that,  for 
every  type  of  system,  this  efficiency  can  attain.  Sliannon  had  the  intuition  that  achieving  error-free  digit¬ 
al  consrainications  on  ni'i.sy  channels,  and  performing  the  most  efficient  conversion  of  an  analog  signal 
into  coded  digital  form,  were  two  facets  of  the  same  problem,  having  a  common  solution.  Shannon's  main 
)  result  i.s  actually  tliat.  as  long  as  the  Input  rate  to  a  channel  eroixier  Is  less  than  a  quantitv  calliHi  the 

channel  capacity  C,  encoding  and  decoding  approaches  do  exist,  that,  asymptot ica I  ly  and  for  arbitrarily 
long  sequences,  lead  to  tlie  error-free  reconstruction,  at  the  receiving  terminal  of  the  link,  of  the  input 
sequence.  The  capacity  C  (bits/sec)  can  be  easily  computed  from  the  receiver's  bandwidth  W  (Hz)  and  fr 'm. 
the  Signal/Noise  ratio  (power  ratio)  S/N  : 

S  , 

C  «  W  log  (  I  +  -  ) 

2  N 

What  coding  ultimately  does  is  to  maximize  the  likelihood  of  correct  Interpretat  loti ,  at  the  receiving 
J  en»j  of  the  link,  of  the  inci^ming  waveforms,  and  tc  push  the  data  rate  toward  the  theoretical  limit  C'  esta¬ 

blished  by  Shannon. On  the  strength  of  these  conceptual  developments  .a  wealth  of  ccxies  were  developed,  such 
as  the  Shannon-Fano-Hof fman  codes  for  a  dl.screte  channel,  the  Hatmnlng  codes  for  a  discrete  channel  witli 
discrete  noise,  the  Bose-Chaudhurt-Hoequenghen  codes,  that  have  found  use  in  HF  military  links  and  that 
I  resulted  from  contributions  due  to  Reed.  Muller.  Golay,  Slepian.  and  others.  For  a  channel  with  white  Gauss 

j  ian  noise,  the  .search  for  high-eff iclency  codes  translated  in  the  search  for  waveforms  that  exhibit  the 

smallest  possible  mutual  correlation. 

For  several  decades,  the  design  of  efficient  codes  was  exclusively  a  theoretical  exercise,  with  no  oppor 
tunity  to  reach  the  stage  of  engineering  implementation.  Technology  was  not  yet  on  a  par  with  the  complicat- 
I  ed  hardware  that  they  required.  However,  recent  advances  in  technology,  especially  the  development  of  large 

scale,  integrated-circuits  building  blocks,  have  changed  all  this.  It  finally  became  feasible  and  practical 
to  mechanize  c^xiers  and  decoders  that  are  known  from  theoretical  work  to  be  optimum,  and  several  tmplemcnta 
cions  '  4ve  actually  already  entered  the  practice  of  HF  connunlcations .  Figure  1  is  a  typical  block  diagram 
of  a  digital  link  between  two  terminals.  Usually,  the  alphabet  is  binary  (  coding  in  digits  1  and  0  )  and 
the  source  may  be  a  computer,  whose  output  is  transformed  by  the  source  encoder  into  a  (binary)  sequence  of 


ones  and  zeros.  The  transformation  is  done  in  such  a  way  that  the  aiiK'unC  of  bits/sec  that  represents  the 
source  output,  is  the  minimum  required  by  the  source  frequency  content  and  by  the  number  of  d  i  seem  vf' le 
levels.  Also  the  transformation  is  done  In  such  a  way  that  the  reconstruction  .'f  the  source  output  at  term^ 
nal  B  is  feasible  and  adheres  to  its  original.  The  channel  encoder  (  as  well  as  the  decoder  in.  .eceptis’n'» 
is  the  most  important  unit  from  the  standpoint  of  the  topic  of  this  lecture:  its  function  is  to  transform 
the  binary  data  sequence  at  the  output  of  the  source  encoder  into  some  longer  sequence  that  is  called  the 
code  word.  This  longer  sequence  enters  then  a  modulator  (  to  modulate  for  Instance  by  FSK.  or  Frequency 
Shift  Keying,  a  radio  carrier). The  block  called  channel  is  the  cnedium  where  the  signals  pfv'pagate.  in  our 
case  an  ionospheric  path  at  HF  ;  while  in  the  channel,  the  signals  are  corrupted  hy  noise  and  interference. 

At  terminal  B,  the  demixiulator  makes  the  decision  whether,  for  every  received  signal,  the  transmitted 
waveform  was  a  1  or  a  0.  The  channel-decoder,  then,  bv  knowing  the  rules  bv  which  the  channel  encoder  did 
operate,  attempts  to  correct  the  transmission  errv^rs  and  performs  an  estimate  of  the  actual  code  word  tliat 
was  transmitted.  The  source  decoder  transforms  this  Ci>de  Wv>rd .  chat  has  been  reduced  to  a  stream  of  informa 
tion  bits,  into  an  estimation  of  the  actual  source  output,  and  delivers  it  to  the  user.  If  the  channel  is 
characterized  by  low  noise,  the  various  estimations  performed  by  the  units  of  terminal  B  will  be  very  simi¬ 
lar  to  the  functions  that  they  are  meant  to  represent.  If  the  channel,  on  the  contrary,  is  very  noisy,  sub¬ 
stantial  differences  may  arise  (  Lin,  1970  ,  ). 

In  Figure  1,  the  channel  encoder  and  the  channel  decoder  perform  the  function  of  error  control.  This  is 
done  through  a  judicious  use  of  redundancy  (Shantnugan,  1979,  [aJ  )  .  The  channel  encoder  adds  digits  t.  the 
bit  stream  of  the  source's  message.  While  these  additional  bits  do  not  convey  information  in  themselves, 
they  make  it  possible  for  the  channel  decoder  to  detect  and  correct  errors  in  the  received.  Inf  ormat  tor. - 
beaiing^blt  stream,  thus  reducing  the  probability  of  errors.  The  encoder  divides  the  input  message  bits 
into  blocks  of  k  message  hits,  and  replaces  each  k  bit  message  block  with  an  n  bit  codeword  by  adding  n-k 
check  bits  to  each  message  block.  The  decoder  looks  at  the  received  version  of  the  original  c.vie  word,  which 
may  occasionally  contain  errors,  and  attempts  to  decode  the  k  message  bits.  The  design  of  the  encoder  and 
dec^''der  consists  of  selecting  rules  for  generating  code  words  frim  message  blocks  and  for  extracting  message 
blocks  from  the  received  version  of  the  codewords,  with  the  fundamental  aim  of  lowering  the  overall  proba¬ 
bility  of  error. 


2.  Examples  of  code  generation 

In  order  to  start  with  a  simple  example,  let’s  consider  a  block  with  five  horizontal  lines  (  or  rows) 
and  with  seven  vertical  columns  This  block  (  with  n  ®  5  x  7  »  )5  )  represents  schematically  the  word  "Hello" 
in  the  teletype  7-unlt  alphabet  : 

H  OO'^lOll 

e  OlOOOOl 

1  OOlOOU 

1  OOlOOll 

o  OOOOlll  . 


A  cv)de  word,  aimed  at 
generated  as  follows  :  we 
number  of  Is  even  in  each 
make  even  the  number  of 


reducing  the  prohabi 1 li/  of  errors  in  the  transmission  of  the  block  above,  can  be 
add  to  each  line  and  to  each  column  one  mv>re  symbol,  in  order  to  laake  the  overall 
line  and  in  each  column.  At  the  end.  we  add  a  symbol  at  the  lower  right  cortier.to 
Is  contained  in  the  lest  line.  The  new  block  is  as  follows  : 


OOOlOll 

1 

OlOOOOl 

0 

OOlOOll 

1 

OOlOOU 

1 

OOOOlll 

1 

OlOllOl 

0 

If  during  the  transmission  process  an  error  occurrs.  this  can  be  corrected,  provided  that  there  is  onlv 
one  of  them.  Correction  Is  done  by  checking  each  line  and  each  column  for  even  parity  (  an  even  number  .>f 
Is).  If  there  is  a  single  error,  one  column”check  and  one  line-check  will  fall,  and  the  error  will  be  iden 
tifled  at  the  Intersection  and  will  be  corrected.  The  98  symbols  of  the  block  above  form  a  code  word. 

This  code  has  a  total  n  *  98  symbols,  of  which  k  ®  35  symbols  are  information-carrying  symbols,  m  is  re¬ 
ferred  Co  as  a  (98,  35)  code.  There  are  n-k  =  98  -  35  ■  13  check  symbols.  These  are  the  redundant  digits 
added  to  the  message  in  order  to  provide  the  code  word  with  error-correcting  capability. 

All  the  codes  illustrated  In  th  lecture  are  based  on  ideas  similar  to  the  principle  that  allowed  us 
to  generate  the  code  word  (98,  35  )  above.  The  mathematics  Involved  might  be  of  higher  caliber,  the  codes 
might  be  more  efficient.  However,  there  is  a  striking  fundamental  similarity  between  the  simple  code  intro¬ 
duced  above  and  the  more  sophisticated  ones  that  we  will  illustrate  later-on  In  this*  lecture. 

Let's  see  now  another  example  that  shows  how  the  probability  of  error  is  reduced  by  the  adoption  -'>f  a 
coding  scheme.  Let's  assume  that  we  have  a  HF  link  with  a  bandwidth  of  3  KHz  and  a  Signal-to-Noise  ratio 
of  13  dB  (  power  ratio  ■  20),  We  want  Co  transmit  a  data  rate  (from  the  source). of  1200  bits/sec.  with  an 
error  rate  less  than  10'  .  We  have  available  a  modem  that  can  operate  at  the  rates  of  1200.  2900,  3b00, 

9800,  and  6000  bits/sec,  with  error  probabilities  respectively  of  2  10’^,  9  10"^,  8  10  ,  1.9  10*^  end 

2.9  10*^.  According  to  the  Shannon  theorem,  the  channel  capacity  C  is,  in  our  aase  ; 

C  -  W  log2  (1  +  S/N  )  -  3  KHz  log2  (  I  +  20  )  -  13  Kblts/sec. 


Therefore,  since  the  source  bit  rate  is  less  than  the  channel  capacity  C.  we  should  be  able  to  find  a  -av 
to  transmit  the  data  with  an  infinitesimally  small  probability  of  error.  Let's  start  considering  a  Cv-'de 
obtained  simply  by  tripling  the  symbols  that  come  out  from  the  source  encoder:  if  it  is  a  n .  we  use  000; 
if  It  is  a  1,  we  use  111.  These  are  now  our  codewords.  We  adopt  in  reception  a  logic  based  on  ma  ority  riu 
ing  :  an  error  occurs  when  in  a  word  two  or  more  symbols  are  wrong.  The  data  rate  that  we  must  use  in  the 
modem  is  3600  bits/sec .  with  corresponding  error  rate  8  10'^.  The  t  odeword  is  thus  characte ri;:ed  by  the 
following  error  probalillcy  : 

P  (  that  two  or  more  bits  in  the  triplet  are  in  error''  =•  >,  i^c  ^  ^  *  1  .  'c 

e  \3 

-4 

where  q  =  8  10  ,  if  wc  signal  at  the  rate  in  the  in>.xlem  of  inOO  bits/set.  Numerically,  the  equation  ab-ve 

-6^  -6  -6 

“  1.9  10  >  10  (  10  is  the  required  error  rate,  not  to  be  exceeded). 

The  results  above  are  therefore  not  acceptable  and  we  must  try  a  longer  ^xiyword .  in  order  to  fulfill 
the  error  rate  requirement.  Let's  generate  in  the  modem  the  codeword  00000  for  every  0  at  the  source's  out¬ 
put,  and  Hill  for  every  1.  Now  the  modem  operates  at  the  rate  of  bOOO  bits/sec  (  five  times  the  1200  bits’ 
sec  rate  of  the  source)  and  q  =  2.4  10  We  still  use  the  majority  rule  logic  :  an  error  will  occurr  in 

reception  when  three  or  more  ^yrob^^'ls  are  received  wrong.  The  error  probability  P  is  now  : 


(  that  three  or  more  bits  in  the  quintuplet  are  in  error)  * 

<  ‘  ■  <  •  -  ‘’c>  "(O'"  ‘ 


With  the  quintuplet  we  meet  therefore  the  error  rate  requirement. 


3.  Error  detection  and  error  correction  approaches 

In  the  examples  given  in  Section  2,  we  adopted  an  approach  that  corrects  as  bust  as  feasible,  the 
received  errors,  caused  by  noise.  This  approach  belongs  to  the  categv>ry  of  forward ‘error -c  orrect  ing  Cw*des. 
There  is  another  category  of  approaches  that  perform* in  reception  the  error  detection  (  detection  only,  not 
inclusive  of  correction)  and  in  which  the  terminal  B  In  Figure  I  retransmits  back  to  terminal  A  the  received 
message,  once  that  an  error  has  been  detected,  for  a  repetition  of  the  exchange.  There  are  some  obvious  in¬ 
conveniences  associated  with  this  method  :  we  must  have  a  two-way  link  between  tlie  two  terminals,  we  must 
use  time  for  message  retransmission,  we  must  send  from  B  to  A  an  acknowledgemetit  even  when  tiie  message 
received  at  B  appears  correct,  etc.  However,  there  is  the  great  advantage  that  the  overall  probability  of 
error  is  now  much  lower  than  achievable  with  the  forward-error-correct  ing  cixles.  We  can  easily  see  how 
this  happens  with  the  following  e.xample.  Lat's  assume  that  the  receiver/decoder  accepts  only  (  if  the 
triplets  of  the  example  in  Section  2  are  adopted)  a  0  when  what  is  received  is  000,  and  a  1,  only  when  III 

is  received.  In  any  other  case,  terminal  B  requests  from  A  a  retransmission.  An  error  now  occurrs  only  if 

all  three  bits  of  the  triplet  are  wrong.  We  have  therefore  for  P  : 

e 

P  (  that  all  three  bits  are  wrong  )  =  (  q  )^  »  5.  12  10  10*^. 

e  c 

In  fact,  because  the  modem  now  works  at  3600  bits/sec,  we  know  that  q  *  8  10*"^.  Therefore,  we  do  not  need 

in  this  case  to  use  any  quintuplet  in  order  to  satisfy  the  overall  error  probability  requirement. 


4.  Random  errors  and  burst  errors,  and  their  control  by  coding 

Generally,  two  types  of  noise  are  encountered  in  c<minunlcation  channels.  The  first  kind  is  Gaussian 
noise,  including  thermal  noise  in  the  equipment,  cosmii'  noise,  etc.  This  noise  is  often  white.  In  the  case 
of  white  Gaussian  noise,  the  occurrence  of  errors  during  a  particular  signaling  interval,  does  not  affect 
the  performance  of  the  c oosnunicat ion  system  during  the  subsequent  signaling  interval.  The  discrete  channel 
in  this  case  can  be  modeled  by  a  binary  syninetrlc  channel  and  the  error*  due  to  white  Gaussian  noise  are 
referred  to  as  random  errors  (  Shanmugan^lO/9^^4j)J^  second  type  of  noise  often  encountered  in  a  conmunlcat  Ion 
channel  is  the  impulse  noise,  where  high  intensity  noise  bursts  sporadically  appear  during  long  quiet  perlcxis. 
When  this  happen,  several  bits  in  sequence  may  be  affected,  and  errors  occur  in  bursts. 

There  are  error  control  schemes  that  are  particularly  effective  in  counteracting  randcro  errors.  Other 
schemes  have  .special  Imnunlty  from  burst  errors.  Error  correcting  codes  are  divided  in  two  general  catego¬ 
ries:  block  codes  (  of  which  a  subclass  are  the  cyclic  codes)  ano  convolutional  codes.  In  block  codes,  a 
block  of  information  bits  is  followed  by  a  group  of  check  bits  that  are  derived  from  the  former.  At  the 
receiving  terminal,  Che  check  bits  are  used  to  verify  the  information  bits  in  the  block  iuinedlately  preceed 
Ing  the  check  bits.  In  convolutional  codes,  chack  bits  are  contlnously  interleaved  with  Information  bits, 
not  only  in  the  block  limedlaCely  preceedlng  them,  but  in  other  blocks  as  well.  The  cyclic  codes  have  parti 
cular  advantages,  in  as  much  as  they  simplify  considerably  the  required  encoding  and  decoding  equipment. 


B.  LINEAR  BLOCK  CODES 

1.  The  fundamental  concept 

We  will  now  llluscrace  the  block  codes.  In  which  each  block  of  k  message  bits  is  encoded  into  a  block 

(♦)  This  section  paraphrases  Sharunugan  (^7^, ^4]  .  Sectivin  9.2,  by"  permission,  gratefully  acknowled^^  ^ 
Che  Publisher  John  Wiley  &  Sons. 
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.’f  n>k  bits,  by  adding  n-k  tbvi  k  hjts  derived  fr.ir.  the  k  message  bits  They  are  called  linear  when 
each  'f  the  codewords  (  n  bit  bl-ick  at  the  ’utput  .-£  the  channel  enc^nler^  can  be  expressed  as  a  linear 
c  .'mbi  nat  iv'n  k  linearly  independent  v  nde  vei  t  'rs  :  linea/  hi  *».k  c.-'des  are  the  m.'st  CvTcmonly  used  bl:'ck 

codes  and  we  will  limit  our  discussion  t'  them.  In  all  the  operati'ns  pertaining  the  generation  v'f  these 
codes,  we  must  remember  to  use  m>'dulo  2  arithnfc'tic.  This  is  h>*w  this  arithmetii  works:  we  make  additions 
the  regular  way  (  for  instance,  1+1*2).  However,  we  divide  then  the  result  bv  2  and  we  take  the  remain 
der  as  the  final  result  of  the  modulo  2  operation  F.»r  inttance.  f ’r  the  1  +  1=2  ..ase.  we  divide  2  bv  2. 
tlic  remainder  is  zero,  and  therefore  we  write  1  +  1*0  I*  we  nm  0  ♦  1.  and  we  divide  the  result  bv  2. 
the  remainder  of  the  regular  divi.sion  is  1  and  thus  we  »  o”.  l.ide  <i  +  i  =  i. 


Let's  see  Sv'me  examples  of  c.xle  generation  An  effective  -av  .•£  impleme  ”t  i  ng  this  generation  is  the 

use  of  matrix  representation:  C  =  .OC.  where  D  is  the  message  ve.  tor.  (  the  final  t  ode  word  and  C  is  the 
so-called  generator  matrix,  that  embi‘*dies  the  rules  ad  oted  f.  r  detecting  error'i  ;n  the  received  codeword. 
The  generator  matrix  has  dimensions  kxn  .  and  has  the  t->rm: 


G  = 


kxn 


where  is  the  identity  matrix  of  order  k.  P  is  an  arbitrary  matrix  >£  dimensions  kx(n-k).  This  last  ma¬ 
trix,  once  chu.stMi,  fully  defines  the  (n.k)  hl.Hk  c->de  completely.  Suppose  that  the  generator  matrix  C  of 
a  (6.3)  hloc  k  code  ia 


and  we  want  to  find  all  code  vectors  of  this  code.  The  message  bl<»ck  size  for  this  c  cxie  is  3  and  the  overall 
length  of  the  code  vectors  is  n  *  6.  The  possible  8  messages  are  :  (0.0.0).  (O.i).l).  fO.I.O).  (0 , 1 . 1) .  C 1 .0.0) . 
(1,1,0),  (  l.l.D.  (1.0,1).  The  cvxJe  vector  for  the  message  block  D  -  (111)  is: 


C 


=  (  1  110  0  0  ) 


The  encoder  has  to  store  the  G  matrix  (or  .at  the  very  least,  the  submatrix  P  of  C)  and  must  perform  binary 
arithmetic  i'perations  to  generate  the  check  bits.  Associated  with  each  (n.k)  block  code,  there  is  a  parity 
check  matrix  H  which  is  defined  as  : 


H 


(n-k)xn 


T 

where  P  is  the  transpose  of  the  matrix  P.  The  transpose  is  obtained  from  the  original  matrix  by  changing 
place  of  each  element  of  the  matrix,  following  the  rule  chat  an  element  p^  .  goes  to  the  place  P:j*  I''  this 
way.  if  the  original  matrix  has.  for  example.  7  lines  and  5  columns,  its  transpose  will  have  5  lines  and 
7  columns. 


Let's  see  now  another  example  of  c>>deword  generation.  We  want  to  enc«>de  an  11  bit  data  sequence  intk' 
a  (15,  ll)  code  word.  This  code  Is  fully  .specified  by  the  related  ll-by-l5  generator  matrix.  This  could  be 
the  matrix  here  below: 


■y.i- 


I 0000000000 

lOOl 

01 000000000 

1  lOl 

OOlOOOOOOOO 

nil 

0001 0000000 

lllO 

0000 I 000000 

0111 

00000 1 00000 

lOlO 

000000 1 0000 

0101 

0000000 1000 

lOll 

00000000 100 

IlOO 

ooonooooolo 

ouo 

0000000000 1 

001 1 

just  the  identity  iw 

In  this  matrix,  Che  llxll  part  is 
as  already  indicated.  Encoding  the  data  sequence  D  =  QOOOIOOI 10! 
that  the  first  11  bits  of  C  are  identical  to  D  and  Chat  the  last 


er  ll.  The  second  part  is  totally  arbitrary, 
g  gives:  C»DG  » [loOOOlOOlOlO  001 1]  .  Note 
U  bits  of  C  are  the  sums  of  the  bits  of  D 


specified  by  the  last  four  columns  of  G.  For  example,  the  first  parity  bit  is  the  sum  of  the  first,  second, 
third,  fourth,  sixth,  eight,  ninth  bits  of  D.  that  is  l+O+O+O+O+l+O  =0.  In  an  equivalent  way.  C  can  be 
thought  of  as  the  sum  of  the  rows  of  C  which  correspond  to  ones  in  P.  Thus,  In  Che  example.  C  is  the  sum 
>if  Che  first,  fifth,  eight,  and  tenth  rows  of  G. 


As  defined,  a  code  word  in  a  systemaClc  linear  code  is  an  n-Cuple  with  the  property  chat  the  n  k 
subsets  of  the  k  Information  bits  of  the  word  specified  by  the  rightmost  n-k  colums  of  the  generator  matrix 
add  to  the  corresponding  parity  check  bit. 

Let's  see  now  how  at  the  receiving  terminal.  Che  decoder  utilizes  the  parity  check  matrix  H.  This 
matrix  is  used  to  verify  whether  a  codeword  C  is  generated  by  the  matrix  C  "ri,  f  **3  '  verification 

can  be  done  as  follows.  C  Is  a  codeword  in  the  (n.k)  block  code  generated  bv  G  ^If  and  anly  if  CH^*0. where 


H  is  the  traiisp''ai’  die  matrix  H.  If  C  is  a  vector  transmitted  over  a  noisy  channel  and  R  is  the 

received  vector,  we  have  that  R  is  the  sum  of  the  original  code  vector  C  and  of  an  error  vector  E.  The 
receiver  does  not  know  C  and  t  and  its  function  is  to  obtain  C  from  R^and  the  message  block  D  from  C.  The 
receiver  perform  its  function  by  determining  a  (n-k)  vector  S  defined  as 


This  vector  is  called  the  error  syndr^.'ine  of  R,  and  we  can  write  for  It  :  S  *  CH*  -f  EH  =  EH  because  CH 
Thus  the  syt^drome  of  a  received  vector  is  zero  if  R  is  a  valid  code  vector.  Furthermore.  S  is  related  to 
the  error  vector  E  and  the  decoder  uses  S  to  detect  and  correct  errors.  As  an  example,  let's  consider  a 
(7.4)  blv^ck  code  generated  by  f  ^ 


1  0  0  0  I  I  1  1 

0  1  0  0  '  1  1  0 

0  0  1  0  j  1  0  I 

0  0  0  1(0  1  1 


The  parity  check  matrix  H  for  this  code  is: 


I  I  1  0 ;  1  0  0 

H  =  1  I  0  1  I  0  1  0 

1  0  I  1  1  0  t)  1 


For  a  nkjssage  block  0  *  (1011),  the  ccvde  vector  C  is  given  by  C 


(1011  I  0  0  I  ).  and  the  syndrome 


S  is  S  =  CH^  =  (000),  Now.  if  the  third  hit  of  the  code  vector  C  suffered  an  error  in  t ransmi ss ion ,  then 
the  received  vector  R  will  be*  R=(1001001)*(1011001)+(0010000)“C+E.  and 
the  syndrome  of  R  is  S  =  RH^  ®  (lOl)  •  EH*^.  where  E  is  the  error  vector  (0  0  1  0  0  0  0).  Note  that  the 
syndr^w  S  for  an  error  in  the  third  bit  is  the  third  row  of  the  matrix.  It  can  be  verified  that,  for 
this  code,  a  single  error  in  the  i^^  bit  of  C  would  lead  to  a  syndrome  vector  that  would  be  identical  to 
the  cow  of  the  matrix  vfT ,  Th\ja  eingle  etrots  can  be  corrected  at  the  receiver  by  comparing  S  with  the 
rows  of  and  correcting  the  i^^  received  bit  if  S  matches  with  the  row  of  This  simple  scheme  does 
not  w^'rk  if  multiple  errors  occur. 


2.  Terminology  and  basic  properties 

In  defining  the  error  coi‘re<tlon  capability  of  a  linear  block  code,  si^me  new  terminoliagy  is  utiliz* 
ed,  such  as  the  weigth  of  a  code  and  its  minimum  distance.  The  weight  of  a  code  is  defined  as  the  number 
of  non-zero  components  in  the  codeword.  The  distance  between  two  code  vectors  is  the  number  of  the  compo¬ 
nents  in  which  they  differ,  while  the  minimum  distance  of  a  block  code  is  Che  smallest  distance  between 
any  pair  of  codewords  in  the  code.  An  important  property  to  remember  is  Chat  the  minimum  distance  of  a  block 
code  is  equal  to  the  minimum  weight  of  any  pon-zero  word  in  the  code.  An  example  will  clarify  these  points. 
Let’s  con.slder  the  (6,3)  block  code  introduced  in  the  previous  section.  Table  I  here  below  gives  the  weight 
of  the  various  codewords.  From  the  second  column  In  Table  I,  we  see  that  the  minimum  distance  is  3.  No  two 
codewords  in  this  code  differ  in  less  than  three  places.  The  ability  of  a  linear  block  code  to  correct  random 


Codewords'  Weight 


errors  can  be  specified  in  terms  of  the  code's  minimum  distance.  The  decoder  will  associate  a  received  vector 
R  with  a  transmitted  code  vector  C  If  C  Is  the  code  vector  closest  to  R  In  the  sense  of  the  Hamnlng  distance. 
Another  property  to  remember  is  that  a  linear  block  code  with  a  minimum  distance  can  correct  up  to 

[^min  ■  errors  and  detect  up  to  -I  errors  In  each  codeword,  where  |<  d^^^^  -  I  )/^denotes  the 

largest  Integer  no  greater  than  "  1)^2.  If  we  call  t  the  errors  that  the  code  will  correct,  we  have  ; 


We  can  also  show  that  such  a  code  can  detect  up  to  d  -  I  errors.  We  can  deduce  trom  the  above  that  for 
a  given  n  and  k.  we  should  design  a  (n,k)  code  with  minimum  distance  as  large  as  possible. 


i.  Hawning  Codes 


From  the  equation  just  written,  it  follows  chat  linear  block  codes  capable  of  correcting  single  errors 
roust  have  »  3.  Such  codes  are  easy  to  construct.  Each  row  in  has  (n-k)  entries,  and  each  entry  can 

b^_^ither  a  0  or  a  1,  We  have  therefore  distinct  rows  .'f  (n-k)  entries,  out  of  which  we  can  select 

2  -  1  distinct  rows  of  (  the  row  of  O's  is  the  only  one  that  we  cannot  use).  Since  the  matrix  has 

n  rows,  for  all  of  them  to  be  distinct,  we  nead:  2‘'*  —I  Sn,  In  other  words,  the  number  of  paritv  bits 
in  this  (n.k)  code  satisfies  the  inequality  (n-k)^log  (n+i>.  So.  given  a  message  size  k  .  we  can  deter¬ 
mine  the  minimum  size  n  for  the  codewords  from  n^k  S-log2(  n  +  1).  where  n  has  to  be  an  integer. 

Assume  that  we  have  to  design  a  linear  block  code  with  a  minimum  distance  of  three  and  a  message  block 
size  of  eight  bits.  We  proceed  this  way  :  from  the  inequality  above  ,we  have  n  8  +  log2(n+l).  The  smaH 
est  value  of  n  that  satisfies  this  condition  is  n  =  12.  Thus  we  need  a  (12.8)  block  code.  The  transpose 
of  the  parity  check  matrix  H  will  have  a  size  12  by  The  first  8  rows  are  arbitrarily  chosen,  with  the 
restrictions  that  no  row  is  identically  zero,  and  all  rows  are  distinct.  A  possible  choice  for  is; 


T 

H  = 


The  generator  matrix  is: 


1100 

Olio 

oou 

1001 

1010 

OlOi 

1110 

gui 

1000 

0100 

0010 

0001 


lOOOOOOO  I 100 
OlOOOOOO  ouo 

00 1 00000  oou 

-  OOOIOOOO  lOOl 
00001000  1010 
OOOOOlOO  OlOl 

00000010  mo 

0000000 1  OUl 


T 

The  receiver  forms  the  syndrome  S  *  RH  and  accepts  the  received  code  vector  if  S*0.  Sin^iU*  errors  are  aUay 
corrected;  double  errors  ».an  be  detected  but  cannot  be  corrected;  multiple  errors  will  result  .it;  general, 
in  incorrect  decoding.  The  efficiency  of  block  codes  with  minimum  distance  three  (Hawning  Codes)  improves  as 
the  message  block  size  Is  increased.  Wo  can  verify  that  for  k»b4 ,  a  minimum  distance  three  code  with  effi¬ 
ciency  0.90  does  exist,  and  that  for  k»256.  a  code  with  efficiency  0.97  can  be  found. 


We  have  seen  in  the  above  that  the  decoding  operation  consists  in  finding  a  codeword  C.  that  is  the 
closest  to  the  received  word  R,  This  requires  storing  2^  codewords  and  comparing  R  with  eacn  of  them.  Since 
each  codeword  is  of  length  n,  the  storage  required  contains  n2*^  bits.  Even  for  modest  size  of  k  and  n. 
the  storage  requirement  is  excessive,  and  the  processing  requirement  also  becomes  soon  impractical. 

There  is  .however,  a  way  of  reducing  considerably  both  these  requirements,  as  we  will  see  next,  in  Seciior 

4. 


4.  Table  lookup  and  standard  array 

n-k 

We  will  consider  now  a  decoding  scheme  (cable  lookout)  that  requires  the  storage  of  2  syndrome 
vectors  of  length  n-k  bits  and  the  2”'^  n-bit  error  patterns  corresponding  to  these  syndromes.  Thus, 
the  storage  required  will  be  2”’'*)c  (2n  -  k)  bits.  For  high-efficiency  codes,  2n-k  ^  n;  hence,  the  storage 
required  will  be  of  the  order  of  n2'^'*^bit8.  a  much  smaller  capacity  than  n2*^  bits  required  if  the  table 
look-out  approach  is  not  used.  Even  with  this  reduction,  though,  the  decoding  scheme  of  block  (odes  may 
be  impractical.  For  instance,  for  a  (200,173)  code,  the  storage  requirement  is  of  7.b  Gigabits!! 

The  table  look-out  approach  works  In  the  following  way.  Suppose  that  a  (n,k)  linear  code  is  used  for 
error  correcting  purposes.  Let  Cp  C  .  le  the  code  vectors  of  C.  If  R  is  the  received  vector,  it 

can  be  any  one  of  Che  2^  n-cuples  that  are  valid  codewords.  The  decoder  can  perform  the  task  of  associating 
R  with  one  of  the  n-tupLes,  by  partitioning  the  set  of  2*^  n-tuples  as  shown  in  Table  II.  The  code  ve(.tors 

TABLE  tl 


Example  of  standard  array 
for  a  (n.k)  linear  block 


ccxle 

^2 

S  . 

Cj+Ej 

S  ^  "2 . 

, .  .C2k  "*^2 

C,+E 

2  3 

S-^^3 . 

••  ''21^  "*3 

®2n-k 

k  C-i+E7n-k'‘ 

••■C2k+  Ejn-k 

( 


( 

I 


C,.  C.,...C  are  placed  in  the  first  row.  with  the  CLide  vector  of  all  zeros  appearing  in  the 
1^2^  n  k 

position. The  first  element  in  the  second  row  E.  is  any  one  of  (2  -  2  )  n-cuples  not  appearing 

row.  Once  is  chosen,  the  second  row  is  completed  by  adding  E2  to  the  codewords,  as  shown  in 


leftmost 
in  the  first 
Table  II, 


Once  that  the  second  row  has  been  completed,  an  unused  n-tuple  E^  is  chosen  to  begin  the  third  row  and  the 
sum  of  C  +E^  (  with  i=l,2,  ..,2  )  are  placed  in  the  third  row.  The  process  is  continued  until  all  the  2 
n-tuples  are  used.  The  resulting  array  is  called  the  standard  array  for  the  code  and  it  consists  of  2  column.s 
that  are  disjoint.  Each  column  has  n*tuples  with  the  topmost  n-tuple  as  a  code  vector.  The  column 

is  the  partition  T.  that  will  be  used  for  decoding.  The  rows  of  the  standard  array  are  called  co-sets  and 
the  first  element  in  each  row  if  called  a  co-set  leader.  The  standard  array  ha.«  the  property  that  each  ele¬ 
ment  is  distinct  and  hence  the  columns  are  disjoint;  furthermore,  if  the  error  pattern  coincides  with  a 
co-set  leader,  the  received  error  is  correctly  decoded.  If  it  does  not,  then  an  incorrect  decoding  will 
result.  Thus  the  co-set  leaders  are  called  correctable  error  patterns. 


In  order  to  minimize  the  probability  of  incorrect  decoding,  the  2^  co-set  leaders  are  chosen  to  be 
the  error  patterns  that  are  most  likely  to  occur  for  a  given  channel.  If  E.  and  Ej  are  two  error  patterns 
with  weights  and  W.,  then  for  a  channel  in  which  only  random  errors  ar^  occurring,  E(  is  m*.'re  likelv  to 

occur  than  E  .  if  W.  >W.  .  Therefore,  when  constructing  a  standard  arrav.  the  co-set  leader  should  he  chose:- 
j  1  1 

as  the  vector  with  minimum  weight  from  the  remaining  available  vectors,  A  standard  array  has  an  important 
property  that  leads  to  a  simpler  decoding  process  t  all  the  2^  n-tuple.s  of  a  co-set  have  the  same  svr.drome 
and  the  syndromes  of  different  lo-sets  are  different.  The  one-to-one  correspondence  hetween  a  co-.«et  leader 
(correctable  error  pattern)  and  a  syndrome  leads  to  ;he  following  procedure  for  decoding:  a>  c.';:;pute  the 
syndrome  RH^  for  the  received  vector  R.  Let  RH^®  S.  ;  b)  locate  the  co-'set  I  ader  E^  that  has  a  syndri^'me 
S.  Then,  E.  is  assumed  to  be  the  error  pattern  caused  by  the  noisy  channel;  c)  the  code  vector  C  is 
obtained  from  R  by  C  =  R  +  E  .  Since  the  most  probable  error  patterns  have  been  chosen  as  the  co-set  leaders, 
this  scheme  will  correct  the^2^’*^  most  likely  error  patterns  introduced  by  the  channel. 


C.  CYCLIC  CODES  O) 


The  research  conducted  on  linear  block  codes  has  identified  a  subclass  of  these  codes,  called  the 
cyclic  codes,  chat  have  espec ia 1 ly  attractive  properties,  such  as  ease  of  implementation;  ability  to  correct 
large  numbers  of  random  errors,  long  burst  of  errors  and  loss  of  synchronization;  etc.  These  codes  have  a 
mathematical  structure  that  helps  considerably  in  the  design  of  error-correction  features  and  furthermore, 
due  to  their  cyclic  nature,  require  encoding/decoding  equipment  that  is  considerably  simpler  than  required 
by  regular  block  codes.  A  cyclic  (n,k)  code  has  the  property  that  every  cyclic  shift  of  a  code  word  is  an¬ 
other  code  word.  That  is,  If 


This  formulation  of  cyclic  codes  suggests  treating  the  elements  of  each  code  word  as  coefficient  of 
a  polynomial  of  degree  n-L,  With  this  convention,  the  codeword  C  can  be  represented  with  the  polynomial 

n-1 

C(x)  •  C  K  +  C  X  + . +  C.x  C  . 

n-1  n-2  1  0 

The  condition  that  every  cyclic  shift  of  a  code  word  be  another  code  word  can  be  expressed  as  follows.  That 
C(x)  Is  a  code  word  Implies  that  x^Cfx)  modulo-fx^-t-l)  Is  also  a  code  word  for  all  i.  It  can  be  verified  that 
oiultiplication  by  x-modulo- (x^+l )  results  In  a  cyclic  shift  and  that  the  coefficients  of  x^C(x) -modu  lo- (x*^l) 
are.  In  fact, 

[Vi-r  V1.2 . S-  ^0-  Vi . Vi] 


Several  Interesting  properties  of  the  generator  matrix  of  a  cyclic  code  can  be  deduced  from  the 
above  definition.  We  will  illuscrace  them  by  via  of  an  example,  considering  again  the  (15, LI)  code  introduc 
ed  in  section  B.l.  This  code  is  a  cyclic  code  and  its  generator  matrix,  written  In  polynomial  form,  ia  as 
follows : 


(*)  This  Section  paraphrases  Lucky  at  al.  (1968)  u:  Section  10.2.4,  by  pemtsslon,  gratefully  acknowledged, 
of  the  Publisher  McGraw-Hill  Book  Co« 


-  .  r'  .  t’  .  ,  .  1,^.,, 

<t'  •  •  I*  .  »>«'i* 

'x''  ♦  1“  . 

(X*  •  X  -  1 )^ 'i ' 

lx*  -  Ve>i> 
rrg*t> 
i#*x' 

g<x>^ 


where  g(x)  *  x  +x+l.  Encoding  a  k-bit  daca  block  by  oioitiplying  it  by  the  generator  matrix  G  is  equivalent 
to  the  following  polynomial  operation. The  polynomial  representation  of  the  information  block,  denoted  bv 
d()c)  has  a  degree  less  than  k;  therefore  has  a  degree  less  than  n.  Also 


^•k..  •. 
X  d(x) 

g(x) 


=  qO)  +_IH. 

g(x) 


where  q(x)  has  a  degree  less  than  k  and  rCx)  has  a  degree  less  chan  n-k.  which  is  the  degree  of  g(x).  Thus . 
the  polynomial  x^*^d(x)  +  r(x)  is  divisible  by  g(x)  and  Is  a  codeword  in  the  code  generated  by  g(x).  This 
word  consists  of  unaltered  k-bit  information  block  followed  by  n-k  linear  combinations  of  the  information 
bits.  It  must  be  identical  to  the  word  formed  by  multiplying  the  k-place  vector  D  by  the  matrix  G  since,  as 
we  have  seen,  there  is  only  one  code  polynomial  of  degree  n-k  in  a  cyclic  (n,k)  code.  The  syndrome  assvH'ia^ 
ed  with  a  given  n-tuple  can  be  calculated  in  a  similar  manner.  Let  e(x)  =e^(x)  +e^(x)  be  the  polynomial  re¬ 
presentation  of  such  n-cuple.  The  syndrome  is  obtained  by  encoding  the  information  section  of  the  n-tuple 
and  by  adding  the  resulting  check  bits  to  the  corresponding  bits  of  the  parity  section  of  the  n-Cuple.  That 
Is,  the  syndrome  s(x)  is  given  by  s(x)  =  e  (x)  +  r(x).  where  r(x)  is  the  remainder  obtained  bv  dividing 

P 

e^(x)  by  g(x).  Since  ep(x)  has  a  degree  less  than  g(x),  this  Is  identical  to  the  remainder  obtained  by  divid 
ing  e(x)  ■  S(x).  Since  g(x)  divides  every  code  word  c(x),  the  syndrome  is  identical  to  that 

of  e<x)-4-  c(x).  Encoding  and  syndrome  calculation  can  be  mechanized  in  a  remarkably  simple  manner. 


D.  CONVOLUTIONAL  CODES^*^ 


1.  General  properties 

While  in  the  block  codes,  a  block  of  n  digits  depends  on  the  block  of  the  related  k  input  message  J.* 
gits.  In  a  convolutional  code,  the  block  of  n  digits  generated  by  the  encoder  in  a  certain  time  unit  depends 
not  only  on  the  block  of  k  message  d  Igits  within  that  time  unit,  but  also  on  the  preceding  (N-l)  blocks  of 
message  digits  (N^l).  (Usually  the  values  of  n  and  k  are  small.  Like  block  codes  .  convv-']  ut  i  ona  1  codes  can  be 
designed  to  either  detect  or  correct  errors.  In  practice,  they  are  used  mostly  for  error  correction.  The  ana¬ 
lysis  of  their  performance  is  complicated  and  is  normally  done  bv  simulating  the  encoding  and  the  decoding 
operations  in  a  digital  computer. 

In  the  following  sections  we  will  give  an  introductory  level  treatment  of  the  convolut iona 1  codes,  and 
we  will  illustrate  both  the  encoding  operation  and  some  of  the  dec'Xling  approaches. 

2.  The  encoding  operation 

The  code  generated  by  a  convolutional  encoder  is  called  a  (n.k)  convo  lut  iona  I  code  of  con-straint  length 
nN  digits  and  efficiency  k/n.  The  parameters  of  the  encoder,  k,  N.  and  n  are  in  general  small  integers  and 
Che  encoder  consists  of  shift  registers  and  modulo-2  adders.  An  encoder  for  a  (3.1)  convolutional  code  with 
a  constraint  length  of  nine  bits  is  shown  in  Figure  2.  The  operation  of  the  encoder  proceeds  as  follows 
We  assume  that  the  shift  register  is  initially  clear.  The  first  bit  of  the  Input  data  is  entered  into 
During  this  message  bit  Interval,  the  cotmutator  samples  the  modulo-2  adder  outputs  ‘•j*  Thus,  a 

single  message  bit  yields  three  output  bits.  The  next  message  bit  in  the  input  sequence  now  enters  D^.  while 
Che  content  of  Is  shifted  into  and  the  comnutator  again  samples  the  three  adder  outputs.  The  process 

is  repeated  until  the  last  message  bit  l.s  shifted  into  D^.  It  Is  important  to  notice  that  the  convolutional 
encoder  operates  on  Che  message  stream  In  a  continuous  manner,  thus  It  requires  very  little  buffering  and 
storage.  Another  important  point  is  Chat  each  message  bit  has  its  Influence  on  Nxn  digits,  where  N  is  the 
size  of  the  shift  register,  and  n  Is  the  number  of  the  comnutator  segments. 

3.  The  decoding  operation 

It  helps^in  understanding  Che  decoding  operatlon^to  make  use  of  the  code  tree  shown  in  Figure  3,  which 
applies  CO  the  convolutional  encoder  shown  In  Figure  2.  The  starting  point  of  the  code  tree  is  at  left  and 


(*)  This  section  paraphrases  Shanmugan  (1979),  bi  .  Section  9.6,  by  permission,  gratefully  acknowledged, 
of  the  Publisher  John  Wiley  &  Sons, 


It  corrt'spv>nds  to  the  situation  before  the  occurrence  of  the  message  bit  d..  We  assume  that  the  message 
bits  d,  ^  and  d.  ^  iero.  The  paths  shown  in  the  code  tree  are  generated  by*  using  the  rule  that  we  shall 

diverge  upward  from  a  node  of  the  tree  when  the  input  bit  is  0.  The  starting  node  (A)  corresponds  to  d^.^® 


0  and  d.  ®0.  Tnen,  if  d.=0.  we  move  upward  from  the 
3  and  4*tan  be  considered  as  starting  nodes  for 

given  starling  node,  the  first  message  bit  influences 


initial  node  and  the  coder  output  is  000.  Nodes  1.2. 

with  d.d  =  00.  01.  10.  and  11  respectively.  For  anv 
'  i+l  e  .  . 

the  code  blocks  generated  from  the  starting  node  and 


the  two  succeeding  nodes.  Thus  each  message  bit  will  have  an  effect  on  nine  code  digits  and  there  are  eight 


distinct  9-bit  t  <»de  blocks  associated  with  each  starting  nt'de. 


The  code  tree  can  be  used  as  follows  in  a  decoding  operation  called  the  exhaustive  tree-search  method 
of  decc'ding.  In  the  absence  of  noise,  the  ccxlewords  will  be  received  as  transmitted.  In  this  case,  it  is 
simple  matter  to  reconstruct  the  transmitted  bit  sequence.  We  simply  follow  the  codeword  through  the  code 
tree  n  hits  at  a  time  (  n=3  for  the  example  considered  here).  The  transmitted  message  is  then  reconstructed 
from  tlu‘  path  taken  through  the  tree.  The  presence  of  noise  introduces  tranmsission  errors:  in  this  case  the 
following  procedure  can  be  used  for  reconstructing  the  transmitted  codeword.  Consider  the  i^^  message  digit 
dj  that  has  an  influence  on  nN  bits  in  the  codeword.  For  the  example  shown  in  Figures  2.  3  and  4.  N*3  and 

n*3,  so  that  d.  has  an  effect  on  nine  cixle  digits.  Hence,  in  order  to  deduce  d  .  there  is  no  point  in  exa- 
^  i 

mining  the  codeword  beyond  the  nine-digit  block  that  has  been  influenced  by  d^^.  On  the  other  hatid.  we  w,>uld 

lose  .some  of  tlie  benefits  of  the  code,  if  we  would  use  less  than  nine  bits  of  the  received  codeword. If  we 
assume  that  ^nd  d  ^  have  been  correctly  decoded,  then  a  starting  node  is  defined  on  the  code  tree, 

and  we  can  identify  eight  distinct  and  valid  9-bit  code  blocks  that  emerge  from  this  node.  We  compare  the 
9-bit  receive<.i  code  block  we  are  examining  with  the  eight  valid  code  blocks,  and  discover  the  valid  code 
block  closest  to  the  received  code  block  (  closest  in  Hamming  distance).  If  this  valid  code  block  correspond 
to  an  upward  path  from  the  starting  node  on  the  code  tree,  then  d.  is  decoded  as  0;  otherwise,  it  is  decoded 
a.s  1.  After  d  is  deccnled,  we  use  the  dec->ded  values  of  d.  .  and*  d  to  define  a  starting  node  for  decoding 
i  I  -1  i 

This  procedure  is  repeated  until  the  entire  message  sequence  is  decoded. 

The  exhavistive  tree-.search  method  of  decoding  convolutional  codes,  brieflv  illustrated  above,  becomes 
impractical  as  N  beemes  large,  since  the  decoder  has  to  examine  2^  branch  S€ttions  of  the  cv'de  tree.  An¬ 
other  decoding  scheme  avoids  this  lengthy  process  :  it  is  called  the  Sequential  Decoding  Scheme.  In  sequen 
tial  decoding,  at  the  arrival  of  a  n-bit  code  block,  the  eneexier  compares  cliese  bits  with  the  code  blocks 
associated  with  the  two  branches  diverging  from  the  starting  node.  The  encoder  follows  an  upward  or  dow::- 
ward  path  (  hence  it  dec^’dcs  a  message  bit  as  0  or  1.  respectively)  in  the  code  tree,  depending  on  which 
of  the  code  blocks  exhibit  the  fewest  discrepancies  with  the  received  bits. 


If  a  received  code  block  contains  transmisslt>n  errors,  then  the  decoder  might  make  an  error  and  start 
out  on  a  wrong  path  in  tlie  code  tree.  In  such  a  case,  the  entire  cc'nt  inuat  ion  c>f  the  patli  taken  h\'  the  enco¬ 
der  will  be  in  error.  If  the  decoder  keeps  a  running  record  of  the  tv'tal  number  of  discrepancies  between  the 
received  code  bits  and  the  code  bits  encountered  along  its  path,  then  the  likelihood  is  great  that,  after 
having  made  tlie  wrong  turn  at  Sv'me  node,  tlie  total  number  of  errors  will  grow  more  rapidly  chan  in  the  (.ase 
that  the  decoder  folU>ws  the  correct  path.  The  decoder  can  be  programmed  to  respond  to  sucli  situations  by 
retracing  its  patli  t<'  the  node  at  which  an  apparent  error  has  been  made,  and  then  taking  an  alternate  hranc 
i)ut  of  that  node.  In  this  way.  Che  decoder  will  eventually  find  a  path  through  N  nodes.  When  such  a  path  is 
found,  the  decoder  decides  about  the  first  message  bit.  Similarly,  the  second  me.ssage  bit  is  then  determin¬ 
ed  on  the  basis  of  the  path  searched  out  by  the  decoder,  again  N  branches  long. 


The  decoder  begins  retracing  when  the  number  of  accumulated  errors  exceeds  a  threshold,  as  shown  in 
Figure  4.  Since  every  branch  in  the  codetree  is  associated  with  n  bits,  then,  on  the  average  over  a  long 
path  of  i  branches,  we  can  expect  the  total  number  of  bit  differences  between  the  decoder  path  and  the  tor- 
responding  received  bit  sequence  to  be  (P  )(n)(j)  even  when  the  ci>rrect  path  is  being  followed.  The  number 
of  bit  errors  accumulated  will  o.scillate  about  E(j)  (see  Figure  4).  if  the  encoder  is  following  the  correct 
path  (  path  I  in  Figure  4).  The  accumulated  bit  error  will,  on  the  contrary,  diverge  siiarply  from  E(i)  soon 
after  a  wrong  decoder  decision  (  see  path  2  in  Figure  4).  Wlien  the  accumulated  errors  exceed  a  discard  level 
(  see  Figure  4),  the  decoder  decides  that  an  error  has  been  made  and  retraces  its  path  to  the  nearest  un¬ 
explored  patli  and  start  moving  forward  again.  After  some  trial  and  error,  an  entire  N  node  section  of  the 
code  tree  is  retraced  and  at  this  point  a  decision  is  made  about  the  message  bit  associated  with  this  N  no¬ 
de  section.  Thus,  the  sequential  decoder  operates  on  short  code  blocks  most  of  the  time,  and  reverts  to 
trial  and  error  search  over  long  code  blocks  onlv  when  it  judges  that  an  error  has  been  made. 


4,  Recapi  tula  t  ion  .’f  the  properties  of  convolutional  c^kJcs 

Although  the  theory  of  convolutional  codes  is  not  as  well  developed  as  that  of  block  ».odes.  several 
practical  convolut ional  encoders/decoders  have  been  built,  for  use  in  various  applications.  Convolutional 
codes  have  many  of  the  basic  properties  of  block  codes  :  a)  they  can  be  encoded  using  simple  shift  registers 
and  rocKlulo-2  adders*,  b)  while  decoding  is  difficult,  several  classes  of  codes  have  been  found  for  wiiich  the 
amount  of  equipment  required  for  decoding  is  not  excessive;  c)  practical  convolutional  codes  exist  that  are 
capable  of  correcting  random  and  burst  types  of  errors.  Their  advantages  over  the  block  codes  are  several: 
1.  since  they  operate  on  smaller  blocks  of  data,  the  decoding  delay  is  small;  2.  smaller  amount  of  storage 
hardware  is  required;  3.  loss  of  synchronization  is  not  as  serious  a  problem  as  with  block  codes.  In  suomary 
convolutional  codes,  though  not  as  well  developed  and  more  difficult  to  analyze  than  block  codes,  are  compe¬ 
titive  with  block  codes  In  many  applications. 
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E.  GETTING  CLOSER  TO  THE  ENGINEERING  ASPECTS  OF  CODING 


We  will  illustrate  in  this  section  the  mechanization  of  some  of  the  coding  schemes  discussed  in  the 
course  of  the  Lecture.  We  will  specialize  our  treatment  to  the  encoding  of  cyclic  codes,  touching  base  also 
with  syndrome  calculation,  error  detection,  and  error  correction.  Si>roe  mathematics  is  still  here,  but  equip¬ 
ment  block  diagrams  make  their  appearance. 


We  recapitulate  that  encoding  consists  of  appending  a  set  of  parity  checks  to  the  data  block  before 
transmission;  that  the  syndrome  is  simply  the  modulo-2  sum  of  these  checks  after  transmission  and  the  check 
bits  calculated  on  the  received  data  block  at  the  decoder;  that  error  detection  consists  of  determining 
whether  or  not  the  syndrome  is  the  all-zero  (n-k)-tuple  (  if  it  is  not.  errors  have  occurred);  that  these 
errors  can  usually  be  corn.ted  by  adding  to  the  received  word  the  error  pattern  associated  with  the  syn¬ 
drome;  that  this  association  of  error  pattern  with  syndrome  is  essentially  the  decoding  operation. 


As  an  example  of  encoding  mechanization.  Let’s  consider  again 
Sec  t i on  C : 

n-k 

<l(x)  ,  .  r(x) 

q(x)  +  - 


g(x) 


g(x) 


the  equation  that  was  introduced  in 


where  g(x)  denotes  the  generator  polynomial  of  the  code  and  x'^’^dix)  +  r(x)  is  the  n-bit  tvclic  codeword 
into  which  a  k-bit  data  block  d (x)  has  to  be  encoded.  Since  the  data  bits  are  transmitted  without  altera¬ 
tion,  encoding  consists  simply  of  determining  r(x).  The  necessary  division  can  be  performed  with  the  cir¬ 
cuit  in  Figure  5.  In  the  F^ure .  the  meaning  of  the  symbols  is  as  follows  :  1)  -O  denotes  a  single  binary 
shift  register  stage  ;  2)~~^p^  denotes  an  EXCLUSIVE  -OR  circ-  or  modulo-2  adder;  3)^^^st(nply  denotes 
a  connectiv'n.  I'r  the  lack  of  one,  depending  on  whether  f.  Is  1  or  0.  respectively. 


Encoding  Is  accomplished  as  follows:  the  data  polynomial  d(x)  is  shifted  into  the  feedback  shift 
register,  as  shown  in  Figure  5.  After  n-k  shifts,  the  register  contains  the  n-k  high-order  terms  of 
x‘^'^d(x).  After  the  last  data  bit  has  been  fed  into  the  register,  the  feedback  connection  is  broken,  by 
moving  the  switch  from  position  D  (data)  to  position  P  (parity),  and  the  content  of  the  register  is  shift¬ 
ed  to  the  channel.  That  this  circuit  actually  divides  x''*'^d(x)  by  g(x)  to  produce  the  (n-k)-blt  remain¬ 
der  r(x)jcan  be  seen  by  considering  the  following  example.  Let’s  use  again  the  (15. ii)  code  already  intro¬ 
duced  in  this  Lecture.  The  generator  polynomial  of  this  code  is  g(x)  -  x^  ■<'  x  +  I .  Suppose  that  the  d^ta 
polynomial  d(x)  ■  x^^+  x^  x^  +  x  is  to  be  encoded.  The  remainder  r(x)  can  be  obtained  by  dividing  x‘*d(x) 
by  g(x).  Thus: 


1 


I 


Let's  consider  now  the  encoder  for  this  code,  shown  on  Figure  6.  The  first  four  shifts  merely  serve 
to  load  the  first  four  terms  of  the  dividend  into  the  register.  Table  III  shows  the  contents  of  the  regis 
ter  as  the  eticoding  process  is  performed.  Also  shown  are  the  dividends  in  the  above  division  which  corre¬ 
spond  to  the  register  contents  at  various  stages  of  the  encoding  process. 

TABLE  III 

Comparison  of  Register  Contents  &  Dividends 


■  Itft  rnmum* 

0  i(Mn  in«li>in 

I  onio  onioiff 

}  niOB  91010 

t  ioni>  ioio 

4  onto  910 

5  0100  10 

•  loei  o 

?  onoi 

•  OOl'i 

•  9100 

10  tooo 

It  «in 
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(*)  This  Section  paraphrases  Lucky  et  at.,  (1968),  [5]  ,  Section  11. L  .  by  permission,  gratefully  acknow¬ 

ledged.  of  the  Publisher  McGraw-Hill  Book  Co. 
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After  the  first  four  shifts,  the  four  high-crder  bits  of  x  d(x)  occupy  the  register.  On  the  next 

shift,  a  I,  corresponding  to  the  quotient  terto  is  eiRitted.  Thus  Is  are  added  into  the  stages  follow¬ 

ing  the  feedback  connections,  and  the  register  contents  then  correspond  to  the  new  dividend,  obtained  by 
adding  x^^g(x)  to  the  first  dividend.  The  key  point  is  that  when  the  register  output  is  1.  the  dividend 
is  modified  exactly  as  in  the  division  process;  likewise  when  it  is  0,  nothing  is  done  in  either  case 

Since  the  first  n-k  shifts  serve  only  to  load  the  register,  the  encoder  of  Figure  3  (a)  can  be 
modified  into  the  configuration  of  Figure  5  (b).  In  the  latter  figure,  those  load  shifts  are  not  necessary. 
The  feedback  information,  which  is  simply  the  sum  of  the  high-order  bit  of  the  dividend  and  the  various 
past  multiples  of  g(x)  ,  is  the^^ame  in  either  case.  The  contents  of  the  register  differ  until  after  the  n  ^ 
shift  of  Figure  5  (a)  (  the  k  shift  of  Figure  5  (b)  ).  At  that  time,  the  dividend  has  been  shifted  com¬ 
pletely  through  the  encoder,  and  thus  both  registers  contain  r(x). 

Because  it  requires  n-k  fewer  shifts,  the  circuit  of  Figure  5  (b)  is  usually  preferable  to  that  of 
Figure  5  (a)  for  encoding  serial  data.  Encoding  is  performed  here  by  shifting  the  data  sequence  simultaneous 
ly  into  the  register  and  onto  tlie  line.  After  the  last  data  bit  has  been  shifted  out.  the  switch  is  thrown 

froiti  D  to  P,  and  the  n-k  parity  bits  are  shifted  out.  This  leaves  the  register  empty  and  ready  to  accept 

the  first  data  bit  of  the  next  word,  inmed tateiy. 

Syndrome  calculation  differs  from  encoding  only  in  that  the  received  parity  hits  must  be  added  to  the 
checks  calculated  on  the  received  data.  The  circuit  of  Figure  3  (a)  performs  this  addition  aut oma t ical 1 v . i f 
the  received  parity  bits  are  shifted  in  immediately  after  the  data.  The  circuit  in  Figure  6  yields  the  same 
result  :  that  is,  the  output  is  the  syndrome. 

Concerning  tlie  error  detecti>ti,  this  function  can  be  implemented  simply  by  adding  a  flip-flop  to  the 
output  of  the  syndrome  generator.  If  one  v>r  more  Is  appear  in  the  syndrome,  the  flip-flop  sets  and  an  error 
has  bben  detected;  otherwi.«5e,  the  received  n-tuple  is  a  code  word.  Error  correvtion  is  simply  an  assotiati.'r 
of  a  syndrome  with  an  error  pattern.  This  association  can  be  visualized  tonveiuenrly  tn  terns  '£  the  stan¬ 
dard  array.  A  given  code  lias  exactly  2'^*^  distinct  co-sets.  including  the  code  itself,  if.lv  one  error 

pattern  in  each  co-set  is  correctable.  Thus,  by  ch^'osing  the  most  probable  error  pattern  m  each  co-set  as 
the  co-set  leader,  the  probability  of  erroneous  dei.>dlng  is  minimized. 


F.  CODING  APPLICATIONS  TO  HF  COMMlfNICATIONS 


Most  of  tlie  coding  applications  to  HF  communicat  ions  have  consisted  thus  far  of  error  detection  t  hr  nigh 
the  use  of  parity  checks,  and  of  autoratlc  error  cc'rrection  bv  retransmission  (ARQ).  Forward  err -r  correctio-. 
has  wailed  considerably  before  gaining  even  partial  acceptance,  essentially  because  of  the  complexity  of  the 
required  circuitry.  However,  due  to  the  technological  progress,  these  cedes  become  increasingly  practical 
and  their  use  widespread.  Interleaving  of  message  bi^s  over  a  period  Linger  tlian  the  expected  fading  cvnle 
is  an  effective  way  to  distribute  the  bit  errors,  so  that  c^njing  techniques  can  he  used  to  correvt  them, and 
tc'  achieve  reductic^n  in  error  rates  of  several  orders  of  magnitude.  This  is  .of  course,  at  the  expense  of 
the  information  rate.  The  manner  in  which  coding  is  used  depends  upon  the  nature  of  the  s  •.  gna  1 1 1  ng  teclmi- 
ques  employed  by  the  Link.  A  method  that  involves  the  t rai^swlss i .'-i  ■*£  short  packets  of  informati,'n  is  n.oi 
well  suited  to  the  use  of  interleaving,  since  the  packets  will  be  in  general  much  shorter  than  a  fade-. nit. 
Also,  if  a  high  percentage  of  packets  is  error-free,  it  is  advantageous  to  use  onlv  error  detect  i.'n  with 
each  packet,  and  to  rely  on  repeats  for  error  correction. 


In  algebraic  enci>ding.  in  addition  to  the  information  to  he  transmitted,  redundant  informati-n  is  in¬ 
serted  intc'  the  channel,  as  we  have  seen  previously  in  this  Lecture.  These  check  bits  mav  be  used  for  f.'rward 
error  correction  or  for  error  detection  only.  Its  purpose,  iu  HF  c '’tisnunicat  ions .  is  usually  t reduce  the 
susceptibility  to  the  deleterious  effects  of  deep  fadings.  Because  these  fades  can  have  durations  bevond  O.I 
seconds,  the  code  must  be  very  long  and  must  have  a  structure  suitable  for  the  correction  of  error  bursts. 

The  most  coomon  techniques  are  to  use  either  very  long  recurrent  cv'des  or  shv'rt  codes  with  a  cond  iderable 
number  of  interleaved  blocks.  The  latter  approach  is  used  to  randv'mlze  the  effect  of  burst  errors.  Decoding 
of  recurrent  codes  as  well  as  interleaving  and  de-interleavlng  cause  transmission  time  delays  of  about  I  to 
2  seconds.  Code  rates  between  1/2  and  4/5  are  used  if  what  is  required  is  only  error  detection.  Short  block 
codes  (  50  bits)  may  be  used  under  certain  conditions.  Their  effectiveness  Is  however  limited  because  of 
the  high  probability  that  may  characterize  the  number  of  errors  in  a  code  word. 

Present  state-of-the-art  ttanamlsslon  systems  use  ARQ  procedures  to  increase  c ownunlcat Ion  reliability; 
error  detection  Is  based  on  the  recognition  of  errors  in  the  transmission  of  a  single  character.  The  appllca 
tion  of  systematic  block  codes  would  be  already  a  substantial  improvement.  Concerning  a  code’s  ability  to 
correct  both  burst  errors  and  random  errors,  no  analytical  method  for  constructing  such  a  code  has  been 
developed  thus  far.  However,  there  are  useful  results,  applicable  to  specific  cases  :  a)  a  subclass  of  cyclic 
codes  has  been  found  chat  correct  both  types  of  errors  effectively  -  however,  they  either  have  to  be  used 
for  low  data  rates,  or  be  very  long;  b)  random-error  correcting  codes  can  be  designed  that  have  some  simul- 
taneouB  burst-correction  capability,  provided  that  the  codes  are  not  used  to  their  fullest  random-error 
correcting  capability;  c)  multiplying  a  generator  polynomial  of  a  cyclic  code  with  da2t  I  produces  a 
code  which  is  capable  of  slmulcaneoualy  correcting  all  bursts  of  length  t-fl,  a  result  of  practical  impor¬ 
tance  only  for  the  cases  in  which  t  has  small  values. 

An  interesting  application  of  coding  to  HF  comcounlcat  ions  la  the  2.4  Kllobtts/sec  Linear  Prediction 
Encoding  (LPC)  used  in  the  HF  links  of  the  NATO  network.  In  this  code,  the  system  preamble  uses  a  Bose- 
Chaudhurl-Hocquenghen  (BCH)  error  correction  code  of  length  252  bits  (  252,128),  while  each  digital  voice's 
word  is  encoded  in  a  (24,12)  block  code. 


G.  CONCLUSION’S 


The  use  of  coding  in  HF  cooinun  teat  ions  is  expected  to  gradually  expand  from  present-day  limited  appli¬ 
cation,  hand-in-band  with  the  progress  in  microprocessor  technology,  and  with  the  ever  greater  easiness  bv 
which  complex  circuitry  ie  mechanized. 

It  is  hoped  that  this  introductory  lecture  did  strike  a  balance  in  pointing  out  both  the  potential 
usefulness  of  codes  in  HF  consnunlcatlons ,  and  Che  complexity  of  the  required  circuitry.  The  material  of 
this  lecture,  complemented  with  readings  from  the  bibliographic  references  given  in  Section  H,  should  be 
sufficient  introduction  to  coding,  and  enough  preparation  for  understanding  other  lectures  of  this  Series 
on  coding  apparatus,  and  for  approaching  with  confidence  coding  problems  of  the  HF  cocnunlcations  practice. 
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Fig.4  Threshold  setting  in  sequential  decoding  (P,»  =  probability  that  a  received  bit  is  m  errori 
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Fig.6  Encoders  for  the  (15,1 1 )  code,  (a)  An  n-k  =  4-siage  encoder  (b)  An  k  =  1  l-stage  encoder 
(from  Lucky  et.  al.,  (1968),  [5)  )(by  permission  of  the  Publisher  Mctlraw-Hill  Book  Co.) 
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MODERN  HF  COMMLNICATIONS.  MODULATION  AND  CODING 

by 
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Lexington.  Mass.  02 1 73 

SUMMARY 

Diqital  communications  over  Hiqh  Frequency  radio  channels  are  limited  hy  the 
effects  of  time  varying  multipath  signals  and  an  impulsive  noise  characteristic.  Mod¬ 
ulation  techniques  which  utilize  adaptive  receiver  structures  in  conjunction  with 
advanced  error  correction  coding  concepts  can  provide  quality  communication  at  both  low 
data  rates  around  100  bps  and  high  data  rates  around  2400  bps.  In  this  tutorial  paperr 
the  multipath  channel  is  examined  and  two  basic  constraints  are  introduced.  When  the 
learning  constraint  is  satisfied,  it  is  possible  to  estimate  the  channel  multipath  gain 
and  phase  components.  The  diversity  constraint  establishes  the  necessary  condition  for 
implicit  diversity.  For  low  data  rate  applications  where  Intersymbol  Interference 
(ISI)  is  negligible,  adaptive  receivers  are  discussed  when  both  learning  and  diversity 
constraints  are  satisfied.  An  incoherent  adaptive  receiver  is  discussed  for  applica¬ 
tions  where  the  learning  constraint  is  not  satisfied.  For  high  data  rate  appl ications  , 
both  constraints  are  satisfied  in  an  HF  application  but  ISI  effects  are  severe.  Adap¬ 
tive  techniques  including  equalizers  and  maximum  likelihood  sequence  estimators  are 
discussed.  Experimental  results  from  HF  channel  simulator  tests  are  presented  in  r 
comparison  of  nonadaptive  and  adaptive  high  speed  modems.  We  discuss  the  use  of  error 
correction  coding  to  protect  against  impulsive  noise  and  show  that  multipath  fading  re¬ 
duces  the  theoretical  performance  capability  by  only  1  to  1  dB  when  proper  coding  and 
interleaving  are  employed.  Performance  of  practical  coding  schemes  using  channel  state 
information  are  used  to  show  the  potential  performance  on  an  HF  channel. 


1,  INTRODUCTION 

HF  radio  uses  frequencies  in  the  range  from  2  to  30  MHz,  At  these  frequencies, 
communications  beyond  line-o f-sight  is  due  to  refractive  bending  of  the  radio  wave  in 
the  ionosphere  from  ionized  layers  at  different  elevations.  In  most  cases  more  than 
one  ionospheric  "layer"  causes  the  return  of  a  refracted  radio  wave  to  the  receiving 
antenna.  The  impulse  response  of  such  a  channel  exhibits  a  discrete  multipath  struc¬ 
ture.  The  time  between  the  first  arrival  and  the  last  arrival  is  the  multipath  maximum 
delay  difference.  Changes  in  ion  density  in  individual  layers  due  to  solac  heating 
cause  fluctuations  in  each  multipath  return.  This  time  varying  multipath  characteris¬ 
tic  produces  alternately  destructive  and  constructive  interference.  In  addition  to 
these  channel  variations,  the  received  signal  includes  additive  noise  which  may  he  im¬ 
pulsive  in  nature  and  it  may  also  include  interference  from  other  users, 

Tb  provide  successful  communications  under  these  sets  of  conditions  requires 
sophisticated  receivers  and  the  use  of  error  correction  coding  techniques.  This  paper 
discusses  adaptive  receiver  structures  for  the  HF  channel  anti  summarizes  some  of  the 
more  important  error  correction  coding  considerations.  in  Section  2  the  important 
characteristics  of  the  fading  multipath  channel  are  defined  including  two  constraints 
which  are  critical  for  receiver  adaptivitv  and  for  extraction  of  diversity  from  the 
multipath  structure.  In  Section  3  adaptive  receivers  are  discussed  for  both  the  neg¬ 
ligible  and  significant  intersymbol  interference  conditions.  Roth  coherent  and  inco¬ 
herent  receivers  are  also  treated,  in  Section  4  some  recent  results  from  experiment.s 
on  high  speed  HF  modems  are  summarized,  Prror  correction  coding  considerations  are 
presented  in  Section  5. 

2.  FADING  MULTIPATH  CHANNFLS 

For  diqital  communication  over  HF  radio  links,  an  attempt  is  made  to  maintain 
transmission  linearity,  i.e.,  the  receiver  output  is  a  linear  superposition  of  the 
transmitter  input  plus  channel  noise.  This  is  accomplished  hy  operation  of  the  power 
amplifier  in  a  linear  region  or  with  saturating  power  amplifiers  using  constant  en¬ 
velope  modulation  techniques.  For  linear  systems,  multipath  fading  can  be  character¬ 
ized  by  a  transfer  function  of  the  channel  H(f,t).  This  function  is  the  two  dimension¬ 
al  random  process  in  frequency  f  and  time  t  that  is  observed  as  carrier  modulation  at 
the  output  of  the  channel  when  sine  wave  excitation  ac  the  carrier  frequency  is  applied 
to  the  channel  input.  For  any  continuous  random  process,  we  can  determine  the  minimum 
separation  required  to  guarantee  decorrelation  with  respect  to  each  argument. 

For  the  time  varying  transfer  function  H(f,t)  let  and  f^  be  the  decorrelation 
separations  in  the  time  and  frequency  variables,  respectively.  If  t^^  is  a  measure  of 
the  time  decorrelation  (coherence  time)  In  seconds,  then 


is  a  measure  of  the  fading  rate  or  .>vindwidth  of  the  random  channel.  The  quantity  is 
often  referred  to  as  the  tbpnler  spread  because  It  is  a  measure  of  the  width  of  the  re¬ 
ceived  spectrum  when  a  single  sine  wave  is  transmitted  through  the  channel.  The  dual 
relationship  for  the  frequency  decorrelation  (coherence  bandwidth)  in  Hz  suggests 
that  a  delay  variable 


secon<1s 


£  -  2.£,, 

defines  the  extent  of  the  nultipath  delav.  The  quantity  is  often  referred  to  as  the 
'nultipath  delay  spread  as  it  is  a  neasure  of  the  width  of  the  received  process  in  the 
tine  donain  when  a  sinqle  impulse  function  is  transmitted  throuqh  the  channel. 

The  ranqe  of  values  for  these  spread  factors  for  HF  communication  are 

-  0.1  -  1.0  Mz 
(j^  --  O.s  -  5  milliseconds 

whore  the  symbol  ^  denotes  *'on  the  order  of". 

The  spreads  can  he  defined  precisely  as  moments  of  spectra  in  a  channel  model  fll 
which  assumes  Wide  Sense  stationarity  (WSS)  in  the  time  variable  and  iTncorrelated  Scat- 
torinq  (US)  in  a  multipath  delay  variable.  This  MSSUS  model  and  the  assumption  of 
Gaussian  statistics  for  H(f,t)  provide  a  statistical  description  in  terms  of  a  si-qle 
two-dimensional  correlation  function  of  the  random  process  H(f  ,t). 

This  character i zat ion  has  been  quite  useful  and  accurate  for  a  variety  of  radio 
link  applications.  However  the  stationarity  and  Gaussian  assumptions  arc  not  necessary 
for  the  utilization  of  adaptive  siqnal  processinq  techniques  on  these  channels.  What 
IS  neccssarv  is  first  that  sufficient  time  exist  to  "learn"  the  channel  characteristics 
before  they  change  an<l  second,  that  decorrelated  portions  of  the  frequency  band  be 
excited  such  that  a  diversity  effect  can  be  realized.  Those  conditions  are  reflected 
in  the  following  two  relationships  in  terms  of  the  previously  defined  channel  factors, 
the  data  rate  R,  and  the  bandwidth  h: 


R(b/s)  >>  o^.pjz) 


R  ( H  7. ) 


e^(Hz) 


Txjarninq  Constraint 
Diversity  Constraint. 


where  the  syml>ol  >  denotes  "on  the  order  of  nr  nreater  than", 

The  learninq  constraint  insures  that  sufficient  siqnal-to-noi.se 
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exists  for  reliable  communication  at  rate  R  over  the  channel 
channel  would  change  before  significant  energy  for  measurement  purixises  could  col- 

lecte<l.  Vlhon  R  > >  the  received  data  symlx>ls  can  be  viewetl  as  the  result  of  a 

channel  sounding  siqnal  and  appropriate  processinq  can  generate  estimates  of  chan¬ 

nel  character  durinq  that  particular  stationary  epoch.  The  signal  orocessing  tech¬ 
niques  in  an  adaptive  receiver  do  not  necessarily  need  to  measure  the  channel  directly 
in  the  optimization  of  the  receiver  but  the  requirements  on  learning  are  apneoximatoly 
the  same.  tf  only  information  symbols  are  used  in  the  sounding  siqnal,  the  learning 
mode  is  referred  to  as  Decision-Directed,  When  digital  svmNals  known  to  both  the 
transmitter  and  receiver  are  employed ,  the  learninq  mode  is  called  Reference- Pi  rented . 

important  advantage  of  digital  systems  is  that  in  many  a d a p t i v e  c o mm u n i c a 1 1 o n s  a ^>- 
plications,  adaptation  of  the  receiver  with  no  wasted  power  for  sounding  signals  can  be 
accomplished  using  the  decision-directed  mode.  This  is  nossiblr*  in  digital  systems 
because  of  the  finite  number  of  parameters  or  levels  in  the  transmitted  source  symbols 
and  the  high  likelihood  that  receiver  decisions  are  correct. 

Diversity  in  fading  applications  is  used  t^  orovide  redundant  communications 
cliannels  so  that  when  some  of  the  channels  fad*  ,  communication  will  still  he  possible 
over  the  others  that  arc  not  in  a  fade.  Some  of  the  f<)rns  for  diversity  employed  in  HF 
systems  are  space  using  multiple  antennas,  polarization,  frequency,  and  time.  These 
diversity  techniques  are  sometimes  called  explicit  divctsity  because  of  their  external¬ 
ly  visible  nature,  ^n  alternate  form  of  diversity  js  termed  Implicit  diversity  because 
the  channel  itself  provides  redundancy.  In  order  to  canitalize  on  this  TnpTTcit  diver¬ 
sity  for  added  protection,  proper  receiver  techniques  have  to  be  employed  to  correctly 
assess  and  combine  the  redundant  information.  The  potential  for  implicit  frequency 
d iversity  arises  because  different  narts  of  the  frequency  hand  fade  independently. 
Thus,  while  one  section  of  the  band  may  he  in  a  deep  fade  the  remainder  can  be  used  for 
reliable  communications.  However,  if  the  transmitted  bandwidth  R  is  small  compared  to 
the  frequency  decorrelation  interval  fj,  the  entire  hand  will  fade  and  no  implicit 
diversity  can  result.  Thus,  the  seconn  constraint  R  >  f  ,  must  be  met  if  an  implicity 
diversity  gain  is  to  be  realized.  In  diversity  systems  a  little  decorrelation  between 
alternate  signal  paths  can  provide  significant  diversity  gain.  Thus  it  is  pot  neces¬ 
sary  for  B  >>  f^  in  order  to  realize  implicit  frequency  diversity  gain  although  the 
implicit  diversity  gain  clearly  increases  with  the  ratio  ^lote  that  the  condition 

R  <<  B  >  f  ,  does  not  preclude  the  use  of  implicit  diversity  because  a  bandwidth  expan¬ 
sion  technique  can  be  used  in  the  modulation  process  to  spread  the  transmitted  informa¬ 
tion  over  the  available  bandwidth  B,  Vie  shall  distinguish  between  these  low  data  rate 
and  high  data  rate  conditions  becavise  the  appropriate  receiver  structures  take  an  some¬ 
what  different  forms. 

The  implicit  diversity  effect  dcscrihed  here  results  from  decorrelation  in  the 
frequency  domain  in  a  slow  fading  (R  ■>  >  o^l  apnlication.  This  implicit  frequency 
diversity  can  in  some  circumstances  be  supplemented  by  an  implicit  time  diversity  ef- 
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realizcfl  interleavinq  the  code  words  to  nroviie  larqe  ti-^e  nans  between  successive 
sympfils  in  a  particular  code  word.  The  interleavinq  process  requires  the  introduction 
of  siqnal  delay  lonqer  than  the  tine  decorrelation  separation  t^^.  Tn  nany  nractical 
applications  which  require  transmission  of  dinitized  speech,  the  required  time  delay  is 
unsatisfactorily  lonq  for  two-way  speech  communication.  For  these  reasons  there  is 
more  emphasis  on  implicit  frequency  diversity  techniques  in  practical  systems.  The 
receiver  structures  to  he  discussed  next  are  applicable  to  situations  where  the  im¬ 
plicit  freqiiency  diversity  applies.  In  a  subsequent  section  we  discuss  error  correc- 
t  ion  codinq  techniques  which  combined  with  interleaving  exploit  the  imnlicit  time 
diversity  of  the  channel. 


3.  ADAPT! VR  RRCRIVRR  fITRnCTURES 

We  cr)nsider  a  qeneral  modulation  system  which  accepts  binary  input  data  at  a  rate 
R  and  converts  each  qroup  of  loq2’^'  hits  into  a  sample  value  which  can  ta'ce  on  one  of 
M  values,  '"his  M-ary  discrete  sample  is  to  be  communicated  over  the  channel  using 

a  modulation  technique  which  forms  a  one-to-one  correspondence  between  the  sample 
and  the  waveform  structure  of  a  transmitted  pulse.  Independent  modulation  of  quadra¬ 
ture  carrier  siqnals  (i.e.,  sin  2xfQt  and  cos  2nf^t,  f^^  =  carrier  freqiiency)  is  in¬ 
cluded  in  this  class.  An  important  example  with  optimum  detection  properties  is  Quad¬ 
rature  Phase  Shift  Keyinq  (OPSK)  which  transmits  the  sample  set  (a|^  =  ±1  ±i'  by  chang¬ 
ing  the  sign  of  quadrature  carrier  nulses  in  accordance  with  the  sign  of  the  real  and 
imaginary  parts  of  the  source  sequence  {a,^}. 

3.1  Receivers  for  Channels  with  Negligible  Intersymhol  Interference 

If  each  sample  can  be  one  of  M  possible  waveforms  (Ms4  for  0P5K),  the  trans¬ 
mitted  data  rate  is 


R  =  (loq2(M))/T 

where  1/T  is  the  transmitted  symbol  rate. 

Many  HP  channel  applications  are  signal-to-noise  ratio  limited  rather  than  hand- 
width  limited.  in  order  to  maximize  siqnal  detectabi 1 i ty ,  only  a  few  waveform  choices 
are  usually  employed  in  these  applications.  When  the  symbol  period  T  is  much  greater 
than  the  total  width  of  the  multipath  dispersion  of  the  channel,  only  a  small  portion 
of  adjacent  symbols  interfere  with  the  detection  of  a  particular  symbol.  For  the  slow 
fading  application,  the  diversity  constraint  requires  that  the  siqnal  bandwidth  B  be  on 
the  order  of  or  larger  than  the  frequency  decorrelation  interval  f^^.  Conditions  for 
negligible  intersymbol  interference  (ISI)  and  adaptive  processing  to  obtain  implicit 
diversity  are  then 


T  >>  2«<jj- 

B  >  fa  • 


When  the  number  of  waveform  choices  M  is  small, 
system  relative  to  the  available  bandwidth,  i, 
low  data  rate  condition  for  implicit  frequency 
the  data  rate  and  bandwidth  as 


these  conditions  imply  a  low  data  rate 
,  a  bandwidth  expansion  system.  The 
diversity  can  be  expressed  in  terms  of 


R  <<  B  log2(M) 

Sn  the  absence  of  intersymbol  interference,  it  is  well  known  f2I  that  the  optimum 
detection  scheme  contains  a  noise  filter  and  a  filter  matched  to  the  received  pulse 
shape.  The  optimum  noise  filter  has  a  transfer  function  equal  to  the  reciprocal  of  the 
noise  power  spectrum  K(f).  When  the  additive  noise  at  the  receiver  input  is  white, 
i.e.,  its  spectrum  is  flat  over  the  frequency  band  of  interest,  the  noise  filter  can  be 
omitted  in  the  optimum  receiver.  The  optimum  receiver  for  a  fixed  channel  transfer 
function  H(f)  then  contains  a  cascade  filter  with  component  transfer  functions 

R(f  )  =  H*({) 

Itoise  Matched 
Filter  Filter 


where  the  *  denotes  complex  conjugation.  In  practical  applications,  signal  delay  must 
he  introduced  in  order  to  make  these  filters  realizable. 


t  tons . 
channel 


In  general  K  and  H  change  with  time  and  the  adaptive  receiver  must  track  varia- 


The  tapped-delay-line  (TOL)  filter  is  ar  .mportant  filter  structure  for  such 


tracking  appl ications.  The  TDL  filter  shown  in  Figure  I  consists  ot  a  tapped 
delay  lino  with  signal  multiplications  by  the  tap  weight  wj  for  each  tap.  For  a  band- 
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pasf;  system  of  bandwifJth  Rf  the  samplinq  theorem  states  that  anv  Linear  filter  can  he 
represented  by  parallel  TOL  filters  operatinq  on  each  quadrature  carrier  component  with 
a  tap  spacing  of  1/B  or  less.  The  optimum  receiver  can  then  be  realized  by  a  cascade 
of  two  such  parallel  TDL  Quadrature  filters:  one  with  tap  weights  adiusted  to  form  the 
noise  filter,  the  second  with  tap  weights  adjusted  to  form  the  matched  filter.  Since 
the  cascade  of  two  bandl imi ted  1  inea r  filters  is  another  bandlimited  filter,  in  some 
applications  it  i,g  more  convenient  to  employ  one  TDL  to  realize  f )  directly.  In 
practice,  j^^ignals  cannot  be  both  time  and  frequency  limited  so  that  these  TDL  filters 
can  onl'y  approximate  the  ideal  solution.  One  advantage  of  the  TDL  filter  is  the  con¬ 
venience  in  adjusting  the  tap  weight  voltage  as  a  means  of  tracking  the  channel  and 
noise  spectrum  variations. 

The  optimum  receiver  requires  knowledge  of  the  noise  power  spectrum  K(f)  and  the 
channel  transfer  function  Hlf).  When  K(f)  is  not  flat  over  the  band  of  Interest,  the 
input  noise  process  contains  correlation  which  is  to  be  removed  by  the  noise  filter. 
Techniques  to  reduce  correlated  noise  effects  include  (1)  prediction  of  future  noise 
values  and  cancellation  of  the  correlated  component,  f2)  mean  square  error  filtering 
techniques  using  an  appropriate  error  criterion,  and  (3)  noise  excision  techniques 
where  a  Fast  Fourier  Transform  is  used  to  identify  and  excise  noise  peaks  in  tne  fre¬ 
quency  domain.  The  problem  of  noise  filterinq  is  usually  important  in  bandwidth  expan¬ 
sion  systems  because  of  interference  from  other  users  as  well  as  hostile  jamming 
threats . 

The  realization  of  the  matched  filter  depends  on  the  amount  of  time  coherence. 
When  the  learning  constraint  R  >>  is  satisfied,  there  is  enough  time  to  learn  the 
channel  an.!  th-'  m  itched  filter  structure  and  subsequent  detection  process  can  be  ac¬ 
complished  coherently,  i.e.,  with  known  amplitude  and  phase  for  each  multipath  return. 


As  R  decreases  relative  to 


a  degradation  due  to  noisy  estimates  increases.  When 


the  learning  constraint  is  not  satisfied,  incoherent  detection  must  be  used  to  avoid 
this  noisy  estimate  problem.  VJe  consider  these  two  conditions  soparatelv, 

3,1,1  Coherent  Reception,  tioarning  Constraint  Satisfied 

When  there  is  enough  time  coherence  to  learn  the  channel  characteristics,  an  im¬ 
portant  realization  of  the  matched  filter,  a  RAKE  TDL  filter,  using  the  concepts  de¬ 
veloped  by  Price  and  Green  (31,  can  he  used  to  adaptively  derive  an  approximation  to 
(!*(£).  A  RAKE  filter  is  so  named  because  it  acts  to  "rake"  all  the  multipath  contri¬ 
butions  together.  This  can  be  accomplished  using  the  TDL  filter  shown  in  Figure  2, 
where  the  TDL  weights  are  derived  from  a  correlation  of  the  tap  voltages  with  a  common 
test  sequence,  i.e.,  S(t).  This  correlation  results  in  estimates  of  the  equivalent  TDL 
channel  tap  values.  Complex  notation  is  used  here  in  Figure  2  to  represent  the  quad¬ 
rature  components  for  a  bandpass  process.  The  tap  values  are  complex  in  this  represen¬ 
tation.  Ry  proper  time  alignment  of  the  test  sequence  the  RAKE  filter  tap  weights 
become  estimates  of  the  channel  tap  values  but  in  inverse  time  order  as  required  in  a 
matched  filter  design.  For  adaptation  of  the  RAKE  filter,  the  test  sequence  may  bo 
either  a  known  sequence  multiplexed  in  with  the  modulated  information  or  it  may  be  re¬ 
ceiver  decisions  used  in  a  decision-directed  adaptation. 

An  alternate  structure  for  realizing  the  matched  filter  is  a  re-c irculat im  delay 
line  which  forms  an  average  of  the  received  pulses.  This  structure  was  oronosed  vis  a 
means  of  reducing  complexity  in  a  RAKE  filter  design  (41  for  a  f requenev-s h i f t-koy i ng 
system.  For  a  Pulse  Anplitude  ilodulation  system  the  structure  would  take  the  form 
shown  in  Figure  1.  An  inverse  modulation  operation  between  the  input  signal  and  a 
local  replica  of  the  signal  modulation  is  used  to  strip  the  signal  modulation  from  the 
arriving  signal.  The  re-circulating  delay  line  can  then  form  an  average  of  the  re¬ 
ceived  pulse  which  is  used  in  a  correlator  to  produce  the  matched  filter  output.  This 
correlation  filter  is  considerably  simpler  than  the  RAKE  TDL  filter  shown  in  Figure  2. 

In  both  the  RAKE  TDL  and  correlation  filter,  an  averaging  process  is  used  to  gen¬ 
erate  estimates  of  the  received  signal  pulse.  Because  this  signal  pulse  is  imbedded  in 
receiver  noise  it  is  necessary  that  the  measurement  process  realize  sufficient  signal- 
to-noise  ratio.  This  fundamental  requirement  is  the  basis  for  the  learning  constraint 

R{b/s)  >>  Qf.  (HZ) 


introduced  earlier.  If  the  signal  rate  R  frvom  which  adaptation  is  being  accomplished 
is  not  much  greater  than  the  channel  rate  of  change  then  the  channel  will  change 
before  the  averaging  process  can  build  up  sufficient  s  ignal-to-noise  ratio  for  an  ac¬ 
curate  measurement.  This  requirement  limits  the  application  of  adaptive  receiver  tech¬ 
niques  with  implicit  frequency  diversity  gain  to  slow  fading  applications  relative  to 
the  data  rate.  In  many  HP  channel  applications  the  fade  rates  are  on  the  order  of  Hz 
and  data  requirements  are  hundreds  of  times  larger. 

3,1.2  Incoherent  Reception,  r>earnim  constraint  ftot  Satisfied 

For  data  rate  applications  on  the  order  of  tens  of  hits/  second,  the  data  rate  R 
may  not  be  large  enough  relative  to  the  Doppler  spread  to  accurately  estimate  the 
channel  gain  and  phase  values  for  coherent  detection.  This  condition  is  even  more 
likely  in  aircraft  communication  or  auroral  HF  transmissions  both  of  which  have  in¬ 
creased  Doppler  spread  values.  When  the  phase  information  cannot  he  estimated,  the 
communicator  generally  selects  an  orthogonal  set  of  waveforms  rather  than  the  coherent 
choices  of  antipodal  or  quadrature  antipodal.  Although  binary  orthogonal  signaling  has 
a  3  d9  poorer  distance  between  transmitted  signals  than  binary  antipodal,  this  distance 


loss  rolativo  to  binary  antino'lal  si'inalinq  is  inproveci  by  asina  nore  ■) r t na  1  wavo- 
f  ocns .  For  '1-ary  orthoqoaal  siqnalinq  in  a  nonfadlm  channel  application,  tb.e  hi* 
error  prohahilitv  can  be  made  to  exponentially  tend  to  zero  when  r' i  ■ 'v  . 
The  opti.nun  receiver  however  requires  a  Hatched  filter  for  each  ortf^oqonal  wavef^r””  s^ 
there  is  a  siqnificant  complexity  disadvantaqe  as  M  increases. 

On  a  fadinq  channel,  nore  waveform  choices  implies  a  form  of  diversity.  'Vowever 
in  this  application  there  is  a  performance  limit  to  m  because  unlike  tho  coherent  ie- 
tection  case,  performance  does  not  monotonica  1 1  y  improve  with  incrcuased  diversity.  In 
a  noncoherent  system,  a  square  law  combiner  structure  is  used  to  sum  the  effective 
diversity  siqnals.  Qualitatively  when  the  bit  enerqy  per  diversity  is  not  somewhat 
larqer  than  the  additive  noise,  a  sional  suppression  effect  results,  ^or  a  fixed 
symbo 1  enerqy,  more  diversity  implies  a  smaller  value  of  bit  enerqy  per  diversity. 
Quantitatively,  161  has  shown  that  the  optimum  <liversity  in  an  incoherent  syst#'m 
is  approximately 
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In  an  MF  channel  application,  the  effective  diversity  order  is  a  function  of  the 
channel  statistics.  Tn  the  limit  of  larqe  siqna  1-to-noise  ratios  incoherent  systems 
are  poorer  than  coherent  systems  by  about  S.1  dB  (h)  when  the  incoherent  system 
operates  at  the  optimum  diversity,  but  for  other  channel  conditions  the  difference  will 
he  larqer.  For  this  reason,  it  is  always  desirable  from  a  performance  viewpoint  to  use 
coherent  systems  when  the  learninq  constraint  is  satisfied. 


The  optimum  incoherent  receiver  in  an  M-ary  orthoqonal  stqnalinq  scheme  requires 
a  noise  filter  followed  by  a  matched  filter  for  each  of  the  *1-waveform  possibilities. 
The  outputs  of  the  M  matched  filters  can  be  used  to  form  a  hard  decision  or  as  a  set  of 
soft  decision  inputs  to  the  decoder.  Aqain  a  tapped  delay  line  filter  is  used  in  the 
matched  filter  to  isolate  the  various  multipath  returns.  Fiqure  4  illustrates  a 
matched  filter  for  one  of  the  M-wave£orms.  At  each  tap  of  the  TOL,  correlation  is  per¬ 
formed  with  the  particular  waveform  for  this  matched  filter.  The  correlation  operation 
inteqrates  over  the  waveform  symbol  period.  The  naqnitudo  squared  of  the  correlator 
output  at  each  multipath  delay  forms  the  set  of  sufficient  statistics  for  this  par¬ 
ticular  waveform  hypothesis.  These  statistics  ace  weiqhted  by  attenuator  values  which 
are  a  function  of  the  multipath  power  vs.  delay  profile.  This  profile  can  be  estimated 
by  averaqinq  the  correlator  output  for  a  particular  tap  from  all  matched  filters  over  a 
period  of  time  for  which  the  multipath  profile  remains  flxeii. 


3.1.3  Summary  of  J^all-ISI  Adaptive  Receiver 

The  receiver  for  this  small-ISl  example  has  in  qeneral  a  noise  filter  to  accen¬ 
tuate  frequencies  where  noise  power  is  weakest,  and  a  matched  filter  structure  which 
coherently  recombines  the  received  siqnal  elements  to  provide  the  implicit  diversity 
qain.  The  implicit  diversity  can  be  viewed  as  a  frequency  diversity  because  of  the 
decorrelat ion  of  received  frequencies.  The  matched  filter  in  this  view  is  a  frequency 
diversity  combiner  which  combines  each  frequency  coherently  or  incoherently. 


An  Important  application  of  this  low  data  rate  system  is  found  in  iamminq 
environments  where  excess  bandwidth  is  used  to  decrease  jamming  vulnerability.  In  more 
benign  environments,  however,  many  communication  requirements  do  not  allow  for  a  large 
bandwidth  relative  to  the  data  rate  and  if  implicit  diversity  is  to  be  realized  in 
these  applications,  the  effects  of  intersymbol  interference  must  be  considered. 


3.2  HIGH  OATA  RATE  RECEIVERS 


When  the  transmitting  symbol  rate  is  on  the  order  of  the  frequency  decorrelation 
interval  of  the  channel,  the  frequencies  in  the  transmitted  pulse  will  undergo  dif¬ 
ferent  gain  and  phase  variations  resulting  in  reception  of  a  distorted  pulse. 


Although  there  may  have  been  no  intersymbol  interference  (IRIl  at  the  transmitt¬ 
er,  the  pulse  distortion  from  the  channel  medium  will  cause  interference  between 
adjacent  samples  of  the  received  signal.  In  the  time  domain,  ISI  can  be  viewed  as  a 
smearing  of  the  transmitted  pulse  by  the  multipath  thus  causing  overlap  between  succes¬ 
sive  pulses.  The  condition  for  ISI  can  be  expressed  in  the  frequency  domain  as 


or  in  terms  of  the  multipath  spread 

Tlsec)  <  2»(jj  (sec) 

Since  the  bandwidth  of  a  digital  modulated  signal  is  at  least  on  the  order  of  the 
symbol  rate  T'^Hz,  there  is  no  need  for  bandwidth  expansion  under  ISI  conditions  in 
order  to  provide  siqnal  occupancy  of  decorrelated  portions  of  the  frequency  band  for 
implicit  diversity.  However  it  is  not  obvious  whether  the  presence  of  the  intersymbol 
interference  can  wipe  out  the  available  implicit  diversity  gain.  Within  the  last 
decade  it  has  been  established  that  adaptive  receivers  can  be  used  which  cope  with  the 
intersyrabol  Interference  and  in  most  practical  cases  wind  up  with  a  net  implicit  diver¬ 
sity  gain.  These  receiver  structures  fall  into  three  general  classes;  correlation 
filters  with  time  gating,  equalizers,  and  maximum  likelihood  detectors. 


3.2.1  Correlation  Filters 

These  filters  approximate  the  matche<i  filter  portion  of  the  opti-num  no  re¬ 
ceiver,  The  correlation  filter  shown  in  Fiqure  3  woiil<l  fail  to  operate  correctly  when 
there  is  intersynbol  interference  between  received  pulses  because  the  aver-iqinq  nr'^cess 
would  add  overlapped  pulses  incoherently.  ilhen  the  multipath  spread  is  less  than  the 
symbol  interval,  this  condition  can  he  alleviated  hy  transnittim  a  time  oated  pulse 
whose  "off"  time  is  approximately  equal  to  the  width  of  the  channel  nultioath,  "^he 
multipath  causes  the  qated  transmitted  pulse  to  be  smeared  out  over  the  entire  syml-vnl 
duration  but  with  little  or  no  intersymbol  interference.  The  correlation  filter  can 
then  be  used  to  natch  the  received  pulse  and  provide  implicit  diversity  (7|.  in  a  con- 
fiquration  with  both  explicit  and  implicit  diversity,  moderate  intersymbol  interference 
can  be  tolerated  because  the  diversity  conbinino  adds  siqnal  con^vanents  cohorentlv  and 
LSI  components  incoherently.  Because  the  off-time  of  the  pulse  can  not  exceed  100*, 
this  approach  is  clearly  data  rate  limited  for  fixed  multipath  conditions.  Because  of 
this  data  rate  limitation,  this  type  of  lf>I  receiver  has  had  little  applicatimn  in  Mr 
systems , 

3.2.2  Adaptive  equalizers 

Adaptive  equalizers  are  linear  filter  systems  with  e  lectrijnica  Hy  adiustable 
para-  -ters  which  are  controlled  in  an  attempt  to  compensate  for  intersymbol  interfer¬ 
ence.  Tapped  Delay  Line  filters  are  a  common  choice  for  the  equalizer  striicture  as  the 
tap  weiqhts  provide  a  convenient  adjustable  parameter  set.  Adaptive  equalizers  have 
been  widely  emplnyeti  in  telephone  channel  applications  |3l  to  reduce  1ST  effects  du<^  to 
channel  filter inq.  In  a  fadinq  multipath  channel  application,  the  equalizer  can  pro¬ 
vide  three  functions  simultaneously:  noise  filtorinq,  matched  filterinq  ^or  explicit 
and  implicit  diversity,  and  removal  of  ISI.  Those  functions  are  accomplished  by  adapt- 
inq  a  Tapped  Delay  Line  Rqualizer  (TDLR>  to  force  some  error  measure  to  a  minimum.  By 
selectinq  the  error  measure  such  that  it  contains  correlated  noise  effects,  improper 
diversity  combininq  and  filterinq  effects,  and  IBI,  the  TDLK  will  minimize  the  combined 
effects . 

A  Linear  Equalizer  (LF)  is  defined  as  an  equalizer  which  linearly  filters  each  of 
the  q  explicit  diversity  inputs.  An  improvement  to  the  LK  is  realized  when  an  addi¬ 
tional  filterinq  is  performed  upon  the  detected  data  decisions.  Because  it  uses 
decisions  in  a  feedback  scheme,  this  equalizer  is  known  as  a  Decision-Feedback  Equal¬ 
izer  (DFE).  The  optimality  of  the  DFE  under  a  mean  sqijare  error  criterion  and  a  moans 
of  adaptinq  the  DFE  in  a  fadinq  channel  application  have  been  derived  in  (9  1. 

The  operation  of  a  matched  filter  receiver,  a  T. inear  Equalizer,  and  a  Decision 
Feedback  Equalizer  can  be  compared  from  examination  of  the  received  pvjlse  train  example 
of  Fiqure  S,  The  binary  modulated  pulses  have  been  smeared  by  the  channel  medium  pro- 
ducinq  pulse  <Ustortion  and  interference  from  adjacent  pulses.  Convent iona 1  detection 
without  multipath  protection  would  inteqrate  the  process  over  a  syml-ol  period  and 
decide  a  ■►I  was  transmitted  if  the  inteqrated  voltaqe  is  positive  and  -I  if  the  voltaqe 
is  neqative.  The  pulse  distortion  rediices  the  marqin  aqainst  noise  in  that  inteqration 
process,  A  matched  filter  correlates  the  received  waveform  with  the  roceivoil  pulse 
replica  thus  increasinq  the  noise  narqin.  The  intersymbol  interference  will  arise  from 
both  future  and  past  pulses  when  matched  filterinq  to  the  channel  is  employed.  The  ISI 
can  be  compensated  for  a  linear  equalizer  by  usinq  properly  weiqhted  time  shifted  ver¬ 
sions  of  the  received  siqnal  to  cancel  future  and  past  Interferers.  The  decision- 
feedback  equalizer  uses  time  shifted  versions  of  the  received  siqnal  only  to  reduce  the 
future  1ST.  The  past  TSi  is  cancelled  by  filterinq  past  detected  symbols  to  produce 
the  correct  lEI  voltaqe  from  these  interferers. 

A  qeneral  Decision-Feedback  Equalizer  receiver  is  shown  in  Fiqure  6,  The  first 
two  filters,  the  noise  and  matched  filters,  are  the  small  ISI  receiver  discussed  in  the 
previous  subsection.  The  noise  filter  reduces  correlated  noise  effects  and  the  matched 
filter  coherently  combines  the  multipath  returns.  The  forward  filter  minimizes  the 
effect  of  ISI  due  to  future  pulses,  i.e.,  pulses  which  ac  that  instant  have  not  been 
used  to  form  receiver  decisions.  After  detection,  receiver  decisions  are  Filtered  hv  a 
Backward  Filter  to  eliminate  intersymbol  interference  From  previous  i.e,  ,  nast,  pulses. 
Because  the  Backward  filter  compensates  for  this  "past"  ISI,  the  Forward  Filter  need 
only  compensate  tor  "future"  ISI. 

When  error  propaqation  due  to  detector  errors  is  iqnored,  the  DPR  has  the  same  or 
smaller  mea n-squar e-ercor  than  the  LE  for  all  channels  (91,  The  error  oropaqation 
mechanism  has  been  examined  by  a  Markov  chain  analysis  (101  and  shown  to  he  noqliqible 
in  practical  fadinq  channel  applications, 

A  siqnificant  problem  in  the  use  of  adaptive  evpializers  in  the  HE  channel  appli¬ 
cation  is  the  requirement  for  rapid  trackinq  of  the  adaptive  equalizer  woiqhts.  Simple 
estimated  qradient  techniques  sometimes  called  T.east  Mean  Squares  alqorithns  are  not 
fast  enouqh  because  of  the  correlation  between  siqnals  on  the  equalizer  taps.  Because 
of  this  correlation  when  the  alqorithn  attempts  to  adjust  one  tap,  noise  fluctuations 
result  in  other  taps.  This  problem  can  be  eliminated  throuqh  the  use  of  Kalman  fil¬ 
terinq  techniques  (111  or  Lattice  filter  structures  (121. 

3.2.3  Maximum  Likelihood  Detectors 

Since  the  DFE  minimizes  an  analoq  detector  voltaqe,  it  is  unlikely  that  it  is 
optimum  for  all  channels  with  respect  to  hit  error  probability.  By  considerinq  inter¬ 
symbol  interference  as  a  convolutional  code  defined  on  the  real  line  (or  complex  line 
for  bandpass  channels),  maximum  likelihood  sequence  estimation  alqorithns  have  been 
derived  (13,14),  These  alqorlthms  provide  a  decodinq  procedure  for  receiver  decisions 


which  ninimize  the  probability  of  sequence  error.  A  Maximum  Likelihood  Sequence  Fsti- 
mator  (MLSE)  receiver  still  in  qeneral  requires  a  noise  filter  anti  matched  filter 
althouqh  these  functions  can  be  imbedded  in  the  estimator  structure.  Fiqure  "7  illus¬ 
trates  the  filtering  and  sampling  functions  which  precede  the  MI.SE.  The  estimation 
techniques  used  to  derive  the  noise  and  matched  filter  oaramcters  also  provide  an  es¬ 
timate  of  the  discrete  sample  response  used  by  the  MLSE  decoder  to  resolve  the  inter¬ 
symbol  interference.  An  implementation  of  an  MLSE  receiver  has  been  described  by 
Croz ier ,  et .  a  1  ( IS  1 , 

The  MLSE  algorithm  works  by  assigning  a  state  for  each  intersymbol  interference 
combination.  Recause  of  the  one-to-one  corresoondence  between  the  states  atvl  the  1ST » 
the  maximum  likelihood  source  sequence  can  be  found  by  deterning  the  traioctorv  of 
states , 

If  some  intermediate  state  is  known  to  be  on  the  optimum  path,  then  the  naximun 
likelihood  path  originating  from  that  state  and  ending  in  the  final  state  will  be  iden¬ 
tical  to  the  optimal  path,  tf  at  time  n,  each  of  the  stakes  has  associated  with  it  a 
maximum  likelihood  path  ending  in  that  state,  it  follows  that  sufficiently  far  in  the 
past  the  path  history  will  not  depend  on  the  specific  final  state  to  which  it  belongs. 
The  common  path  history  is  the  maximum  likelihood  state  trajectory  (131, 

Since  the  number  of  ISI  combinations  and  thus  the  number  of  states  is  an  exponen¬ 
tial  function  of  the  multipath  spread,  the  MLSE  algorithm  has  complexity  which  grows 
exponentially  with  multipath  spread.  The  equalizer  structure  exhibits  a  linear  growth 
with  multipath  spread.  In  return  for  this  additional  complexity,  the  MI.SE  receiver 
results  in  smaller  (sometimes  zero)  intersymbol  interference  penalty  for  channels  with 
isolated  and  deep  frequency  selective  fades. 

5.  HlflM  PATA  RATE  HE  MODEM  PERFORMANCE 

A  series  of  tests  on  parallel  tone  modems  by  Watterson  I  IE],  and  on  two  serial 
tone  modems  provide  a  basis  for  modem  performance  comparison  for  a  high  data  rate  MF 
channel  appl ica t ion . 

The  parallel  tone  modems  divide  the  data  into  low  rate  parallel  sub-channels  so 
that  nonadaptivQ  techniques  can  be  used  and  isi  effects  can  be  avoided.  The  serial 
tone  approaches  use  PSK  transmissions  and  some  form  of  decision  feedback  equalization 
in  an  adaptive  receiver  structure. 

S.l  TEST  CASES  FOR  COMPARISON 

There  is  considerable  performance  data  available  for  the  flat  fadinn  (single 
path)  and  the  dua  1  fading  path  suggested  hy  Watterson  )16),  This  latter  channel  has 
two  "skywave"  returns  which  are  spaced  hy  l  millisecond  and  they  each  fade  with  a  lo 
Doppler  spread  of  1,0  flz.  In  general  the  more  echoes,  the  easier  it  is  for  the 
equalizer  to  track  because  it  is  less  likely  that  all  echoes  w  i.  1 1  simultaneously  become 
small.  The  Watterson  two  path  channel  has  thus  become  a  good  standardized  test  case, 
Watterson  tested  conventional  parallel  tone  modems  on  this  channel  and  the  results  are 
given  in  his  re|>nrt  (161,  Thi«  channel  was  also  used  in  an  evaluation  of  a  Harris  Cor¬ 
poration  modem  under  nsAF  Contract  No.  F  3  060:‘-81-C-009  3  and  a  RTCNA'^ROM  modem  under 
OSAF  Contract  .  P10602-80 -C-n29  6.  The  results  from  the  final  reports  from  these  con¬ 
tracts  provide  a  comparison  of  present  day  serial  tone  modem  technology  with  the  paral¬ 
lel  tone  modem  approaches  tested  by  VMtterson, 

All  of  the  modems  in  this  comparison  are  uncoded  except  for  the  parallel  tone 
MX-190  modem  which  used  a  rate  16/2S  block  code.  Although  the  simulators  tised  on  some 
of  the  tests  were  not  exactly  the  same,  no  appreciable  nerformanre  difference  is  anti- 
cipate(i  from  this  factor.  The  fairest  comparison  is  on  a  oeak  power  basis  because  HP 
ra<lios  are  peak  power  limited.  For  this  reason  we  use  peak  bit  energy  F  rather  than 
average  bit  energy  E^,  The  peak-to-average  ratios  assumed  for  the  modem  comparison 
wore 
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5.2  MODEM  COMPARISONS 

The  flat  fading  channel  results  are  shown  in  Figure  8,  In  the  flat  fading  tests, 
the  two  serial  modems  compared  perform  almost  the  same  and  both  gain  a  large  number  of 
dh  over  the  parallel  tone  modems.  Most  of  this  improvement  is  duo  to  the  peak-to- 
avorage  ratio.  The  frequency  selective  fading  results  arc  shown  in  Figure  9.  In  these 
tests  the  Harris  and  SIGNATRON  modem  realize  almost  exactly  the  same  implicit  diversity 
when  the  fading  is  slow.  The  performance  advantage  of  these  modems  over  the  parallel 
tone  modems  is  very  large  under  these  conditions. 

In  comparison  with  parallel  tone  modems  under  the  faster  fading  conditions,  both 
the  (lie, NATRON  and  Harris  modem  still  have  a  significant  nerformance  gain  even  over  the 
coded  MX-190  system.  F3oth  the  Harris  and  SIGNATRON  modems  have  not  included  error  cor¬ 
rection  coding. 
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Theso  results  in^licate  the  larqe  performance  advantage  that  can  be  realized  when 
adaptive  receiver  structures  are  used  to  exploit  the  multipath  structure  of  the  HF 
channel.  This  fact  has  been  well  known  for  some  time  for  low  data  rate  applications 
where  ISI  is  not  too  severe  but  these  recent  results  establish  that  it  holds  in  hiqh 
data  rate  applications  as  well, 

6.  ERROR  CORRECTION  CODING 

Diqital  transmission  over  fadinq  channels  is  impaired  by  additive  channel  noise 
and  a  fluctuatinq  received  siqnal  level  which  results  in  poor  s iqna  l-to*no i se  ratio 
some  fraction  of  the  time.  When  the  fadinq  is  slow  with  respect  to  the  data  transmis¬ 
sion  rate,  it  is  usually  possible  to  determine  the  channel  parameters,  i.e.,  instan¬ 
taneous  received  siqnal  oower  and  additive  noise  power.  Under  these  known  channel  con¬ 
ditions,  one  can  do  almost  as  well  as  a  non  fadinq  channel  by  usinq  interleavinq  to 
span  the  fade  intervals.  On  MF  radio  channels  the  additive  noise  can  be  impulsive  in 
nature.  Since  the  impulsive  noise  durations  are  much  shorter  than  fade  intervals, 
hurst  error  correction  codinq  or  relatively  short  interleaver  techniques  provide  pro¬ 
tection  aqainst  the  noise  effects.  In  this  review,  we  will  concentrate  on  the  improve¬ 
ment  realized  aqainst  multipath  fadinq  effects. 

6.1  INFINITE  INTERLEAVING  RESULT,  A  REVIEW 

In  a  slow  fadinq  channel  application  typical  of  he  radio  communication  where  it 
is  possible  to  track  the  channel  state  information,  the  loss  in  detection  efficiency 
duo  to  the  fadinq  is  anly  a  few  dQ  provided  that  the  channel  is  memoryless.  Ericson 
1171  established  this  result  in  a  conpar  ison  o  f  exponent  bounds  and  capacities  for  the 
fadinq  and  nonfadinq  white  Gaussian  noise  channel.  Of  course  if  the  fadinq  is  slow 
enouqh  to  allow  trackinq  of  the  channel  state  information,  it  will  not  be  true  in 
qeneral  that  the  channel  is  memoryless,  i.e.,  received  symbols  will  not  be  independent. 
If  delay  in  messaqo  detection  can  be  tolerated,  interleavinq  of  the  transmitted  symbols 
and  do-i nter leav inq  of  the  received  samples  and  the  channel  state  information  can  pro¬ 
vide  a  memoryless  channel  condition  with  known  channel  parameters.  To  show  that  the 
detection  efficiency  under  this  condition  has  only  a  small  deqradation  due  to  the 
fadinq,  consider  the  exponent  bound  parameter  llfil  for  the  discrete  memoryless  channel 
which  has  binarv  input  u  and  real  number  output  y. 

Rq  =  ''p(y  I  u )  ,  (1) 

X  y 

When  the  rate  r  in  hits  per  channel  tisaqe  is  less  than  Rj^,  the  bit  error  prob¬ 
ability  is  upper  bounded  by  an  exponentially  decreasinq  function  of  the  block  lenqth 
for  a  block  code  or  the  constraint  lenqth  for  a  convolutional  code.  For  binary  sources 
and  Gaussian  noise  channels,  R^j  is  maximized  when  the  source  distribution  q(u)  is 
equally  likely  and  the  exponent  bound  oarameter  becomes 

R-  =  I  -  loq_(l  +  Z)  (2) 


whore  1  takes  one  of  two  forms  dependinq  on  whether  the  channel  is  fadinq  or  not.  For 
nonfadinq  conditions,  the  y  integration  in  (1)  is  only  over  the  Gaussian  noise  density 
and  one  obtains  the  well  known  result  for  received  energy  oer  information  bit  F^^  and 
noise  spectral  density  Nq  watts/Hz, 


Gaussian  Noise,  No  Fading 


For  fadinq  conditions,  the  y  integration  in  (1)  also  requires  integration  over 
the  density  of  fa<Unq  siqnal  strength  if  i  t  is  assumed  that  this  parameter  is  known  for 
each  received  y  sample,  i.e.,  de-i nter leaving  of  the  channel  state  information  is  used 
at  the  receiver.  Thus,  one  finds 
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Gaussian  Noise,  General  Fading 


where  s  is  a  unit  mean  random  variable  for  the  received  power  on  a  fading  channel.  For 
a  Rayleigh  fadinq  received  envelope,  the  power  is  exponentially  distributed  which  gives 
the  Rayleigh  fading  result 

Z  =  (1  +■  Gaussian  Noise,  Rayleigh  Fading  (S) 

where  E^  is  now  the  average  received  bit  energy.  For  a  fixed  rate  r  and  a  constant  Rq, 
the  dB  loss  due  to  fadinq  is  shown  in  Figure  10  to  increase  from  about  IdR  to  3dR  as 
the  s iqnal-to-no ise  ratio  increases. 


6.2 


IMPORTANCE  OF  THE  DELAY  CONSTRAINT 
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In  many  com'^'inication  systems  it  is  unacceptable  to  introduce  delay  which  is  many 
times  ionqer  than  the  fade  epoch.  In  speech  communications  for  example/  delay  must  he 
less  than  a  few  tenths  of  a  second  whereas  HF  radio  fadinq  channels  with  speech  appli¬ 
cations  have  fade  intervals  on  the  order  of  a  second.  This  condition  precludes  the  use 
of  interleavinq  to  produce  the  roerooryless  channel  which  is  required  to  achieve  the 
detection  efficiency  of  Fiqure  10.  Without  interleavinq  with  an  averaoe  probability  of 
bit  error  as  the  performance  criterion,  error  correction  codinq  does  not  even  look  at¬ 
tractive.  Say  we  had  a  code  which  achieved  capabity  on  the  Gaussian  noise  channel. 
For  this  code  the  probability  of  bit  error  is  zero  when  qreater  than  0.69 

(-1.6  dB)  and  1/2  when  it  is  less  than  this  value.  The  averaqe  bit  -'rror  rate  is 

0.69  N./E. 

—  1  Ob  ^  ^ 
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For  vincoded  coherent  phase  shift  keyinq  (CPSK)  operatinq  under  the  sane  Rayleiqh 
fadinq  conditions,  one  has  for  larqe 
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Vie  obtain  the  rather  dismal  result  that  for  larqe  siqnal-to-noise  ratio  this 
ideal  capacity  code  is  1.4  dB  worse  than  an  uncoded  CPSK  system.  The  average  prob¬ 
ability  of  error  criterion  results  in  a  larqe  nenalty  when  a  deep  fade  occurs.  For 
this  reason  communication  systems  have  historically  used  diversity,  i.e,,  the  trival 
redundant  code,  rather  than  codinq  when  the  delay  constraint  was  present.  The  loss  in 
detection  efficiency  due  to  fadinq  under  this  delay  constraint  and  this  performance 
measure  is  then  very  larqe.  Thus,  it  is  important  to  evaluate  the  utility  of  averaqe 
error  rate  as  a  performance  measure. 

In  many  applications  information  trar.sfer  is  satisfactory  if  the  bit  error  rate 
is  loss  than  some  threshold  and  it  is  unsatisfactory  if  the  bit  error  rate  is  any 
amount  larqer  than  this  threshold.  Por  these  applications,  averaqe  probability  of 
error  Is  an  inappropriate  performance  measure.  The  concept  of  outaqe  probability, 
i.e.,  the  fraction  of  time  that  the  bit  error  rate  is  qreater  than  a  threshold,  is 
becominq  widely  accepted  as  a  more  meaninqful  performance  measure  for  communications. 
Under  this  concept  the  power  qain  due  to  codinq  in  a  fadinq  channel  is  exactly  the 
{>Dwer  qain  at  the  threshold  value  on  a  nonfadinq  channel.  Even  thouqh  the  coded  system 
may  be  poorer  than  an  uncoded  system  under  de-'p  fade  conditions,  larqe  codinq  qains  can 
be  realized  at  bit  error  rate  thresholds  where  practical  communication  takes  place. 
Thus  error  correction  codinq  under  appropriate  performance  measures  can  provide  siqni- 
ficant  iX)wor  qain  even  when  the  delay  constraint  precludes  interleavinq  to  span  the 
fade  epochs, 

6.3  PRACTICAL  CODING  RFStILT? 

Codinq  qains  for  practical  error  correction  codinq  techniques  on  HF  radio  chan¬ 
nels  must  be  examined  relative  to  a  delay  constraint  which  allows  or  precludes  inter¬ 
leavinq  over  the  fadinq  epochs.  These  fadinq  epochs  are  on  the  order  of  I  second. 

6.3.’  Delay  Constraint  Present 

Speech  and  certain  diqital  data  communication  systems  fall  into  this  class. 
Under  this  constraint,  error  correction  codinq  and  modest  interleavinq  will  protect 
aqainst  impulsive  noise.  However  no  siqnificant  codinq  qain  aqainst  Fadinn  is  realiz¬ 
able  under  an  averaqe  probability  of  error  criterion.  Under  an  outaqe  probability 
criterion  the  codinq  qain  is  exactly  the  codinq  qain  realized  on  a  nonfadinq  channel  at 
the  Bit  Error  Rate  (BER)  threshold  where  the  outaqe  is  determined.  An  off  the  shelf 
1/2  rate  convolutional  decoder  with  constraint  lenqth  7  qives  a  codinq  qain  of 
4.6  dB  at  a  threshold  BER  of  10“^,  This  codinq  qain  drops  to  3.8  (iR  at  the  DPR  thresh¬ 
old  of  10”^,  Concatenated  codes  (201  which  use  a  convolutional  code  for  the  inner  code 
and  a  Reed-Solomon  code  for  the  outer  code  can  do  significantly  better.  Since  this 
delay  constraint  condition  reduces  to  an  evaluation  of  codinq  qain  on  the  non-f  ad ing 
channel,  only  a  limited  discussion  is  warranted  here, 

6.3.2  No  Delay  Constraint 

We  have  shown  that  theoretical  performance  on  the  fadinq  channel  can  cone  within 
1  to  3dB  of  the  non-fadinq  channel  if  we  Interleave  the  channel  state  information  as 
well  as  the  soft  decision  outputs  from  the  modem.  It  is  of  interest  to  examine  prac¬ 
tical  codinq  schemes  to  determine  realistic  coninq  qains  with  this  approach.  Haqenauer 
1211  has  computed  the  performance  of  a  rate  1/2,  constraint  lenqth  7,  convolutional 
code  for  different  quantitlzation  levels  of  channel  state  information  and  decision 
values.  The  followinq  nomenclature  is  used  in  the  comparison. 


H-U) 


Unqaantize<^  Decision  =  Y  SOFT  (YS) 

1  bit  quantized  Decision  =  Y  HARD  (YH) 

Unquantized  Channel  State  =  A  SOFT  (AS) 

1  bit  quantized  Channel  State  =  A  HARD  (AH) 

No  Channel  State  Infor^nation  =  A  NO  (AN) 

The  result  of  his  calculations  are  reproduced  in  Fiqure  11, 

This  code  has  a  4.6  dB  qain  at  a  BRR  of  10”^  on  the  non-fadinq  channel.  It  re¬ 
quires  an  of  about  7.2  dB  under  fading  conditions  when  both  decisions  vand  channel 

state  are  unquantized.  This  represents  a  coding  qain  over  the  non-f ad inq  channel  nf 
about  1.2  dB.  The  loss  due  to  the  fading  is  then  only  3.4  dR,  This  snail  loss  can  be 
better  appreciated  by  conparinq  the  coded  performance  with  dual  diversitv  in  Figure  11. 
It  is  also  of  interest  to  note  that  one  bit  quantization  on  the  decisions  and  channel 
state  does  as  well  as  unquantized  decisions  alone. 

7.  SUMMARY 

For  many  MF  communications  applications,  the  channel  may  be  considered  to  he 
slowly  fading.  Ue  have  shown  here  that  when  this  slow  fading  is  exploited  to  learn  the 
channel,  combined  modulation  and  co^Jing  techniques  can  remove  much  of  the  fading  effect 
even  in  high  data  applications  where  intersymbol  interference  is  a  serious  problem. 
Experimental  results  have  been  presented  showing  successful  connunicat ion  using  equal¬ 
izer  modems  in  a  high  data  rate  application.  Fading  performance  of  practical  decoding 
techniques  has  been  shown  to  be  within  a  few  dB  of  coded  systems  on  non-f atling  chan¬ 
nels. 
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ABSTRACT 

Some  antenna  fundamentals  as  well  as  definitions  of  the  principal  terms 
used  in  antenna  engineering  are  described.  Methods  are  presented  for  determining 
the  desired  antenna  radiation  patterns  for  an  HF  communication  circuit  or  serv’ice 
area.  Sources  for  obtaining  or  computing  radiation  pattern  infcrmantion  are  out¬ 
lined,  Comparisons  are  presented  - e tween  the  measured  and  computed  radiation 
patterns.  The  effect  of  the  properties  of  the  ground  on  the  antenna  uain  and 
pattern  are  illustrated  for  several  types  of  antennas.  Numerous  examples  arc 
given  of  the  radiation  patterns  for  typical  antennas  used  on  short,  intermediate 
and  long  distance  circuits  for  both  mobile  and  fixed  service  operations.  The  app¬ 
lication  of  adaptive  anter  na  arrays  and  active  antennas  in  modern  HF  communication 
systems  are  briefly  reviewed. 

1.  INTRODUCTION 

The  performance  of  many  HF  communication  systems  is  seriously  doiiradcd  iuo 
to  the  use  of  unsuitable  antennas  for  both  transmitting  and  receivincs.  The  an¬ 
tennas  should  be  designed  to  efficiently  radiate  and  receive  enerqy  in  the  desired 
directions.  A  method  is  described  to  determine  the  desired  elevation  and  azimuthal 
angles  of  radiation.  Souccs  are  presented  for  obtaining  antenna  radiation  pattern 
information  on  typically  used  HF  antennas.  The  application  of  prediction  tech¬ 
niques  is  described  to  determine  the  best  or  the  most  cost  effective  antenna  from 
several  being  considered  for  an  HF  service.  Examples  are  presented  of  the  relia¬ 
bility  of  communications  for  several  types  of  antennas.  The  advantages  and  lirr.i- 
t.'tions  of  adaptive  antenna  arrays  ancJ  active  antennas  in  modern  HE  communicat  ion 
systems  arc  briefly  described. 

2.  RADIATION  ANGLES 

Until  recently,  the  dosircl  olevaticn  angles  of  radiation  for  a  fixed  ser- 
vi'  e  were  calculated  manually  based  on  the  use  cf  a  E  region  reflecting  height  of 
110  kms  and  a  constant  F  region  height  between  250  -  200  '<ms.  Various  types  of 
nomograms  or  charts  wore  used  to  aid  the  design  engineer  in  these  calculations. 

At  certain  times  and  seasons,  the  use  of  a  constant  F  region  height  yields  signi.- 
ficant  errors  in  determining  the  elevation  angle  cf  radiation.  In  addition  infor¬ 
mation  on  the  variance  on  the  elevation  angles  is  required  in  specifying  the  beam- 
width  of  the  desired  antenna  lobe  pattern.  More  accurate  and  additional  informa¬ 
tion  can  be  obtained  using  the  advanced  prediction  methods  described  in  a  previous 
lecture.  The  elevation  angle  is  compute<i  for  all  times,  seasons  and  periods  of 
solar  activity  over  which  the  HF  service  is  being  model  led.  The  results  of  uhese 
computations  are  presented  in  a  statistical  form  as  shewn  in  Fig.  1.  These  compu¬ 
tations  are  based  on  the  selection  of  the  mode  of  propagation  with  the  least 
transmission  loss.  From  these  results  antennas  can  be  specified  and  types  select¬ 
ed  that  radiate  or  receive  efficiently  at  the  desired  elevation  angles.  For  mobile 
services  and  other  types  of  services  providing  coverage  over  a  large  geographical 
area,  computations  of  the  elevation  angles  are  done  at  representative  locations 
and  weighted  by  taking  into  account  the  density  and  location  of  the  communication 
terminals. 

3.  TYPES  OF  ANTENNAS 

An  engineer  designing  an  HF  communication  system  requires  information  on  the 
radiation  pattern  of  various  types  of  antennas  inorder  to  select  one  that  meets 
the  particular  needs.  Several  reports  provide  graphical  information  (Dept,  of  the 
Army,  1950?  Thomas  and  DuCharme  197 ’•  on  the  radiation  patt'^rn  as  a  function  of 
elevation  angle  at  the  centre  of  the  main  lobe.  In  these  reports,  patterns  are 
presented  for  antennas  typically  used  for  HF  communications.  The  antenna  gain  in 
a  specified  direction  is  given  by  (Barghausen  et  al,  1969) 

G  *  10  loo  Power  radiated  per  unit  solid  angle*] 

^10  L  Net  Power  accepted  ty  The  antenna  J 

The  net  power  accepted  by  the  antenna  includes  ohmic  losses,  losses  in  the  ground 
below  the  antenna  and  the  radiation  resistance  corresponding  tothe  power  radiated 
from  the  antenna.  The  antenna  gain  does  not  account  for  impedance  mismatch  losses. 
Vertical  radiation  patterns  arc  shown  for 

a)  horizontal  half-wave  dipole 

b)  rhombics,  types  A,  B,  C,  D,  and  E 

c)  half  rhombic 

d)  inverted  L 
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G)  sloping  V 

f)  horizontal  log  periodic 

g)  vertical  antenna 

The  three  dimensional  pattern  for  all  the  above  antennas  can  be  calculated  using 
a  computer  program  developed  in  the  U.S.A.  (Barghausen  et  al  1969)  .  For  each  an¬ 
tenna,  the  physical  dimensions  must  be  specified  as  well  as  the  conductivity  and 
dielectric  constant  of  the  ground.  For  example,  a  rhombic  requires  specifications 
for  a  feed  height,  leg  length,  and  semi-apex  angle  while  a  vertical  antenna  re¬ 
quires  specifications  for  length  of  antenna,  length  of  radials,  radius  of  radials 
and  number  of  radials. 


The  type  of  ground  generally  has  a  limited  effect  on  the  main  lobes  of  the 
pattern  for  horizontally  polarized  antenna.  However  for  short  vertically  polarized 
antenna,  the  type  of  ground  can  signif icantiy  alter  the  efficiency  of  the  antenna 
and  its  power  gain.  The  effect  of  ground  on  the  antenna  radiation  pattern  is  shown 
in  Figs.  2,  and  3  where  for 


good  earth 
poor  earth 
sea  water 


0  =  10  ^mho/m  =  4 

-  =  lO'^  .  =  4 

e  =  4  V  *  80 


A  recent  survey  in  Canada  indicates  the  following  types  of  antenna  are  be¬ 
ing  used  for  HF  point-to-point  communications  on  short,  intermediate  and  long  dist¬ 
ance  circuits. 


Short  Distance 
1000  kms 


Intermediate  Distance 
1000  to  4000  kms 


Long  Distance 
4000  kms 


half  wave  diploe 
inverted  L 
vertical 
long  wire 
delta 


rhombic 

half  wave  dipole 
vertical 
inverted  L 


rhombic 

log  periotiic 

beverage 


Over  80%  of  the  ground  based  stations  used  broadband  antennas  such  as  the  Delta, 
Rhombic,  Beverage,  and  Log  Periodic  to  enable  operation  at  any  frequency  in  the 
HF  band  without  a  tuning  device. 
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4,  ANTFNNA  SKLFCTION 

Prediction  techniques  are  also  used  to  select  the  best  or  most  cost  effec¬ 
tive  antenna  fromsovc'al  antennas  being  considered  for  an  HF  service.  The  re¬ 
liability  of  communications  is  computed  for  each  antenna  at  representative  times 
over  which  the  (IF  service  is  planned.  For  each  antenna  the  average  reliability  for 
the  representative  times  is  calculated  and  the  best  or  most  cost  effective  antenna 
IS  the  one  with  the  maximum  average  reliability.  An  example  of  the  average  re¬ 
liabilities  for  three  types  of  antennas  are  shown  as  follows  for  an  HF  circuit 
from  Churchill  to  Inuvik. 

Type  of  Antenna  Average  Reliability 

Rhombic  83.5% 

Horizontal  Log  Periodic  78.4 

Sloping  V  86.1 

The  reliabilitiGS  were  computed  every  hour  of  the  day  for  .lanuary,  April, July  and 
October  and  Ri2~  10 » ^0 » "^0  3nd  100  in  order  to  simulate  the  HF  communication  con¬ 
ditions  expected  from  1981  to  1985.  The  Sloping  V'  antenna  exhibits  a  higher  re¬ 
liability  of  communications  than  the  other  two  antennas,  tn  some  cases  the  design 
engineer  may  wish  information  on  the  statistics  of  the  variability  of  the  reliabil¬ 
ity  for  various  types  of  antennas.  Such  information  can  also  be  extracted  from 
prediction  program  calculations.  An  example  of  such  information  is  shown  in  Fig.  4. 
The  lower  values  of  reliability  at  certain  periods  for  Antenna  «1  compared  to 
Antenna  #2  may  be  of  more  importance  than  the  average  reliability  figures. 


5.  MEASURED  RADIATION  PATTERNS 

Measurements  of  the  radiation  patterns  for  HF  antennas  are  reported  using 
an  aircraft  to  tow  a  small  aorodynamically  stabilized  Xeledop  (  Petrie,  1978j 
Petrie  1979  ) .  The  Xeledop  consists  of  a  battery  operated  transmitter  and  short 
dipole  antenna  which  is  towed  in  a  stabilized  position  enabling  the  neasuroment 
of  patterns  for  horizontally  and  vertically  polarized  antennas.  The  transmitter 
frequency  is  crystal  controlled  and  can  be  operated  in  the  Hf  and  VHF  bands.  For 
certain  measurements,  a  ground  based  radar  is  used  to  measure  and  control  the 
range  between  the  aircraft  and  the  antenna,  with  such  a  measureemnt  facility,  the 
small  scale  variations  of  the  azimuthal  pattern  can  bo  measured  for  both  vertically 
and  horizontally  polarized  antennas.  In  addition  for  vertically  polarized  antenna 
the  small  scale  variations  in  the  elevation  pattern  can  bo  measured  at  specific 
bearings  such  as  along  the  boresite  of  an  antenna.  Several  examples  of  the  measured 
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radiation  patterns  are  shown  in  Fiqs.  5, 6, and  7.  In  most  cases  the  main  lobe  of 
the  pattern  agrees  with  the  computer  calculated  patterns  to  within  2  dB  when  the 
electrical  properties  of  the  ground  are  uniform.  At  elevation  angles  less  than  5 
degrees  the  calculated  radiation  patterns  are  at  times  in  error  due  to  variations 
in  the  terrain  in  the  vicinity  of  the  antenna.  However  in  the  majority  of  cases, 
the  computer  programs  provide  a  good  estimate  of  the  main  lobe  of  the  antenna  but 
the  magnitude  and  location  of  minor  lobes  are  not  prdictable  with  any  dearee  of 
accuracy. 

6.  ADAPTIVE  ANTENNA  ARRAYS 

An  adaptive  antenna  array  is  designed  to  enhance  the  reception  of  desired 
signals  in  the  presence  of  jamming  and  interference.  Such  systems  hav'e  been  built 
and  tested  in  a  variety  of  communications  applications  including  mobile,  seaborne 
and  airborne  platforms  (Hanson,  1977,*  Effinger  et  al.,  1977;  Rcigler  and  Compton, 
1973;  Compton,  1978;  Horowitz  et  al.,  1979).  The  utility  of  adaptive  arrays  for 
communications  lies  mainly  in  the  ability  to  reject  the  undesired  signals  by  vir¬ 
tue  of  their  spatial  properties.  For  a  comprehensive  basic  understanding  of  adap¬ 
tive  antennas  an  excellent  book  has  been  published  recently  (  Monzingo  and  Miller 
1980  )  . 

Many  adaptive  arrays  operate  on  theprinciple  of  maximizing  the  signal-to- 
noise  ratio  or  minimizing  the  power  in  the  undesired  signal  at  the  output  of  the 
array  by  subtracting  a  reference  signal  which  matches  the  desired  signal  from 
the  array  output  signal.  Various  techniques  arc  developed  to  do  these  complex 
computations  quickly  and  accurately  (Rood  ot  al.,  1974;  Horowitz,  1980;  Widrow  et 
al.,  1976),  Some  of  these  techniques  can  be  implemented  using  digital,  analogue 
or  a  combination  of  analogue  and  digital  data  processino  methods.  In  order  to 
characterize  the  desired  signal  so  that  a  reference  signal  can  be  generated,  a 
predetermined  pilot  signal  may  be  incorporated  into  the  desired  communication 
signal.  The  pilot  signal  may  take  many  forms:  an  additive  pilot  signal,  a  mul¬ 
tiplicative  (spread  spectrum)  code,  a  time  multiplexed  pilot  signal,  and  a  pro- 
Ictermincd  set  of  times  when  the  communication  signal  is  not  on.  In  the  presence 
Df  a  jamming  signal  it  is  desirable  to  code  the  pilot  using  a  predetermined  secure 
code . 


The  degree  of  interference  protection  afforded  by  an  adaptive  array  depends 
on  various  factors  but  typical  values  of  protection  are  about  30  dB.  An  array  of 
N  elements  can  provide  prot  tion  against  N-1  interfering  signals.  Adaptive  arrays 
which  use  the  LMS  algorithm  (Widrow  et  al,  1967)  are  reported  to  adapt  to  multiple 
sources  of  interference  in  many  seconds  for  a  3kHz  signal  bandwidth.  Arrays  pro¬ 
cessing  data  using  the  matrix  inversion  techniques  make  more  efficient  use  of  the 
signal  information  and  adapt  in  less  than  a  second  for  a  3  kHz  signal  bandwidth. 

The  time  varying  HF  signal  environment  places  certain  limitations  on  the  perfor¬ 
mance  of  adaptive  arrays  and  requires  certain  array  configurations  in  order  that 
adequate  performance  is  maintainod(Jonkins  1982). 

7.  ACTIVE  ANTENNAS 

An  active  antenna  consists  basically  of  a  rod  or  dipole  and  an  RF  amplifying 
device.  If  the  noise  level  generated  at  the  amplifier  output  terminal  is  less  than 
the  noise  pickup  by  the  antenna,  an  active  antenna  system  is  capable  of  supplying 
the  same  signal-to-noiso  ratio  as  a  passive  antenna.  The  atmospheric  noise  level 
from  a  one  meter  length  rod  is  generally  greater  than  the  amplifier  noise  when  the 
rod  is  coupled  efficiently  to  an  amplifier.  The  advantages  of  an  active  antenna  are 

-  The  short  physical  dimensions  of  the  rod 

-  The  wide  frequency  band  of  operation  (ie  2-30  mHz) 

-  Fixed  output  impedance  of  90  or  75  ohms 

The  main  disadvantage  of  the  active  antenna  is  the  intormodulation  distortion 
procJucts  which  arc  often  generated  by  strong  interfering  signals.  The  use  of  VMOS 
technology  in  the  design  of  the  RF  amplifier  will  improve  the  dynamic  range  over 
which  the  system  can  operate  with  out  intormodulation  products.  However,  these 
distortion  products  can  seriously  degrade  the  performance  of  an  active  antenna 
in  an  environment  with  high  RF  noise  levels. 
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SUMMARY 

Ahhoutth  long  (Ji  stance  comnuinicat  ions  via  satellites  has  dominated  the  last  luo  decades  ol  t  adii)equip!nen! 
development,  high  lrequenc\  (HF)  radio  equipntenl  isexperieiKinga  high  lechnologN  renaissance 

Satellite  systems  no\c  transmit  qualitv  low  data  rate  comnuinicaiions  and  na\  igalion  aids  to  mobile  usei  s, 
hut  the  low  c<jsl  and  sur\  ivabilii\  allribuies  ol  HF  radio  are  again  being  reeogni/ed  Fmerging  new  s\ stems 
automate  network  operations  while  adapting  to  propagation  c<nidiiions.  However,  neither  new  replacement  radios 
n<jr  new  systems  turnish  the  potential  capability  »>!  state-ol-ihe-ai t  componenis  This  paper  summati/es  the 
advances  in  equipment,  sv  stems,  attd  components. 


INTRODUCTION 

Before  the  advent  of  satellite  platforms,  sophisticated  HF  propagatMin  and  system  research  promised 
Improved  capability  during  distill  bed  ionospheric  propagation  eonditioiis  Howevet  satellite  relays  captured  the 
imaginations  and  pijcketbooks  of  the  communications  comitiunitv  in  the  mid  NM>s  Ctmsequentiv .  evtani  HF 
systems  aged  while  satellite  systems  were  implemented.  During  peacetime,  satellite  s\  stems  transmit  qualitv  low 
data  ralccominunicationsandnavigationaids  to  mobile  users,  but  there  is  now  renewed  Intel  esi  In  the  low  cost  and 
survivability  attributes  of  HF  radio,  At  this  time,  when  old  HF  prime  systems  need  replacement  tor  logistical 
reasons,  the  need  for  low  cost  communications  that  can  survive  jamming,  nuclear  el  feet  s,  and  space  wart  are  is  not 
satisfied.  The  HF  renaissance  is  (he  resp<»nse  to  this  challenge. 

Logistical  replacement  procurements  which  do  provide  new  capabilities  are  redressing  the  attrition  of 
vacuum  tube  radio  equipment  over  the  fast  decade  Procuring  organi/aiions  ivpicallv  cimipile  specifications 
comprising  state-of-the-art  and  new  capabilities  offered  bv  competing  vendors.  Integrated  ciicuits  include  micro¬ 
processor  and  svnthesi/.er  elements  which  have  fed  to  new  circuit  architectures  The  lust  of  the  tollovs ing  three 
sections  describes:  Receivers;  Transceivers  and  Antenna  C<»uplers:  and  Audio  C  hannel  Pei  ipherals. 

Emerging  new  systems  automate  network  operatitms  while  adapt  ing  to  propagation  cuiulilions  The  second 
secliim  describes: 

ICS-.^  Simultaneous  frequenev -agile  transmission  and  reception  board  ships 

SELCAl..  Scanning,  and  Channel  Evaluation  .\uiomalic  addressing  and  path  selection 

Packet  Radio  .Autoni^mous  messages  find  their  wav  through  nodes 

SNOT  EL  Meteor  trails,  sporadic  E,  terrestrial  diffraction,  aiiciaf  i.  etc.  allinv  k)w  probabiliiv  propagation 
t<7  .serv  ice  .SOO  stations. 

These  systems  are  representative  of  what  mav  be  accomplished  tosatisfv  specific  needs.  The  equipment  developed 
for  these  sysiems  is  a)s(j  unique.  Moregeneral  capabilities  mav  result  from  the  use  of  the  new  logislieal  replacement 
radios  and  computers.  However,  neither  new  replacement  radios  nor  new  systems  liirnish  the  potential  capabilitv 
offered  by  state-of-the-art  components. 

The  third  section,  which  describes  the  frontier  of  the  state-ol-the-aii  components.  locuse>  on;  Receiver 
Dynamic  Range  and  Noise  Figure;  Frequenev  Svnthesi/.ers;  Power  Amplifiers;  W  ideband  Antenna  Sv  stems; 
Processors:  and  Real-Time  Clocks. 

A  network  control  facility  commonlv  comprises  indiv  idual  components  of  superior  qualitv  because  space  is 
not  constrained  and  cost  is  minimi/ed  through  reduced  Iab<ir.  However,  compromises  among  performance,  si/e. 
and  cost  considerations  are  usually  necessary  for  the  large  numbers  of  mobile  or  transportable  stations 

LOGISTICAL  REPLACEMENTS 

Evolving  equipment  designed  to  meet  continuing  needs  has  yielded  significant  improvement  of  receivers, 
transceivers,  and  input  output  devices.  Simplified  operations  through  electronic  control  is  a  dominant  impetus. 
The  use  of  many  highly  trained  manual  operators  is  held  to  he  economically  insupportable.  Operators  have  other 
duties,  equipment  that  relieve.s  onerous  la.sks  such  as  radio  tuning  and  radio  monitoring  is  welcome.  The  technical 
challenge  has  been  to  obtain  electronic  control  without  losing  the  performance  available  from  the  best  manual 
equipment. 


Hi-:  . 

Receivers 

The  be*'!  p^elle<.e^s^>^  smAcillancc  receivers  use  gaiiiietl.  narnmbaml.  rnechaiucal-iunin^  ratliu  Irequeiicv 
(RFt  ampli tiers  and  lucal  os*.  Ulaiius,  New  receivers  tune  bv  {i»*.al  (isciilaior  sviuhcsi/er  s  under  di^ua)  control  and 
do  n</f  use  jjarrowhand  RF  preselection  because  eleclronie  preselection  introduced  so  much  nonlinearuv  as  to 
cause  an  increased  imise  Hoot  ct)mposed  ol  high-«>rdei'  interniodulatiim  |IM)  pr*)ducts  Inuiees  are  suppressed  b\ 
hav  ing  a  tirsl  intermediate  trequenev  (1!*)  m  the  verv  high  irequenev  t\  MPi  hatid.  The  aichiteeiure  illustrated  m 
Figure  1  has  obtained  almost  universal  acceptance. 

(.  ompetitors  concentrate  on  dv  nantic  range  improvements  and  on  digftaJ  cxuttroJ  and  displav .  The  dominant 
perh>rn)ance  imprtjveineni  has  been  in  eieereasing  troiu-end  mixer  nonlineariiv  which  ts  otten  spccitied  bv  the 
third-order  inietcepl  point  la  single  dBm  level  t»bi;nned  hom  measuring  the  21  —  t.  intermodulatioti  product  .is 
d  lust  rated  in  Figure  2).  (irealer  than  M>dBm  isobiainahle  bv  eommeivial  receivers  exhibiting  14  dB  noise  t  igures. 
This  iinpr<ivemenl  in  linear  mixer  teshnologv  has  exposed  nonlinearities  m  the  iirsi  II'  liltet  (ultich  is  oUen  a 
naridwhanJ  crvslal  laiiiee  network).  Svnihesi/ei  phase  noi>e  is  now  the  di»ininani  deterrent  to  dis*.rimmaiing 
against  a  strong  adjacent  signal,  as  illustrated  m  Figure  The  st  r<»ng  signal  acts  as  a  Ui*.  al  *>sc  ilia  tor  w  ith  which  the 
phase  noise  in  tlie  receiver  local  oseillaioi  ■recipiiKaics”  b\  acting  .vs  the  signal;  Ikmkc  the  term  rcciptocal 
mixing."  The  local  oscillator  svnthesi/ers  are  a  competitive  economical  compromise  involving  the  dichotomv 
between  tuning  speed  and  phase  noise,  hut  standardspeedicationsoi  measurements  do  not  exist  nor  would  thev  he 
supported  bv  svsiem  analysis.  The  impact  *d  sy  tuhesi/ei  s  w  ill  be  greater  than  the  advantage  ol  digital  IrequciK  v 
tuning  which  can  he  accomplished  thorngh  a  digital  Irequenev  c<»unier.  Svnihesi/ei  s  can  prov  ide  arbit  rariK  qim.  k 
Iregucncv  selection. 

The  operational  convenienceol  the  new  receivers  is  outstanding.  Not  only  arc  all  I  unctions  contiollable  h\  a 
microprocessor  at  a  remote  l«jcali<ni.  but  checkout  is  under  soltware  conind  tbuili-m-iesl*equ\pmenl  or  BlTl'i 
Manv  receivers  use  push-button  and  or  raie-ol-scan  tuning  uianl  manual  Irequenev  selection.  The  c<*nvemen*.e  ol 
digital  Irequenev  selection  enhanced  bv  the  abilitv  (<i  st(uv  l/cquencies  pnwides  an  unportanl  reduction  m 
operational  labor, 

Table  I  lists  is  pical  receiv  er  perloi  numce  parameters.  \t»telhat  digital  niodenu  omp.nlbililv  now  requires  a 
specilieaiivin  on  overall  time  delay  as  a  I  unction  ol  trequenev  within  single  sidebiUul  tSSB)  channels. 

Transceivers  and  Antenna  Couplers 

Sew  transceivers  are  lollowing  the  U'ad  of  vligitalK  controUcvl  receivers.  Transceivers  continue  to  be 
designed  piimaiilv  with  SSB  modulation  lor  providing  a  voice  bandwidth  channel  fitnn  which  the  interlace  t<» 
digital  data  per  ipherals  is  specilied.  Fast  automatic  antenna  tuning  is  becoming  available.  The  mamlesiatious  ol 
these  developments  follow 

Reunite  com  rolled  iransceivei  s  solve  several  pnihlcnis.  Aircralt  cockpit  space  Is  minimal,  as  is  indieaievl  h\ 
t))e  t elai  ive  m/c  ol  the  control  h*)x  of  the  HF  transceiver  components  shown  in  Figure  4,  Note  the  large  si/e  ol  the 
antenna  couplet  whish  has  been  designed  toairvi  alt  control  siiii  ace  constraints.  Manpacks  iieetl  to  be  coti  trolled  hv 
(heopeialor  without  i  emov  ing  the  pas  k.  Tactical  ground  vehicles  are  vulnerable  to  at  lack  so  that  icmoi  mg  control 
tbiough  liber  optics  or  wire  K  provided  The  convenience  <il  computer  terminal  cvimiol  through  a  standatd 
telephone  iiitet  lace  is  genera !I\  ackiiow  ledged  bv  maiu  users  and  is  available  in  amateur  radio  iranseeivers. 

The  capabilitv  to  remote  the  tuning  controls  can  als<»  provide  Iri'quencv  scanning  vir  hopping.  Seveial 
iiomeiulaiui ed  manpavk  ladios  have  been  modifis'd  for  viemonsiraiions.  hut  the  implemenialion  into  a  svsiem 
unplies  sy  stems  network  v  onsepts  which  are  genciallv  lacking  except,  apparenlK ,  lor  several  Huropean  "slow  • 
I iequencv-h*)pping"  applications. 

S*ime  ti  ansceiver  architectures  allow  separatum  <if  a  small  manpack  iransceivet  Irom  tlie  power  ampliliei . 
Others  combine  iheampliliei  and  theamennaiunei  Theneedloi  a  VHFextetisioti  lor  ini eropei  abilitv  has  resulted 
m  transceivers  that  exienvl  into  the  \'HF  region;  but.comm<mlv.assemhhes<d  HFand  \HF  equipment  are  imuinted 
together.  New  c’quipmeni  extending  into  the  VUF  region  will  lac  i  I  itate  the  use  (»l  diverse  propagati*in  modes  such  as 
ground  wave,  unique  dill  i  action  tipport  unities,  and  meteor  trails  These  modes  are  important  alternatives  during 
disturhed  conditions.  The  ev*)l\ing  transceiver  antenna  coupling  and  power  ampliliei  coiiliguralions  rellect 
existing  space  problems  and  the  new  stdulions  atfoideci  b\  replacement  equipment. 

Transportable  and  mobile  antennas  have  advaneed  little  in  the  last  decade  bevcjrid  the  aui»>matic  tuning  ol 
narrowband  aiilemias,  .Antenna  coupler  tuning  speeds  «)l  a  It  act  ion  oi  a  second  are  obtainable  in  units  which  sw  itch 
vacuum  relavs  to  prelearned  posilivms.  However,  ituai  v  mechanisms  taking  stv<mdc  to  tnneaie  common  in  both 
cases,  the  reliahiliiv  <»|  mechanical  components  (exacerbated  b\  high  vibration  al  some  aircralt  antenna  Uk  at  ions) 
causes  radio  maintenance  problems. 

Since  human  speech  comiminica(i<»nsd<a’sijol  depc'iidon  phase  or  lime  deUiv  characteristics.  SSB  ladio.md 
telephone  service  practice  has  hecti  to  emphasi/e  sharp  amplitude  response  tillers  which  pass  >IK>  H/  to  AOIX)  H/ 
I  requeue  ies  ami  slronglv  attenuate  f  requenvies  outside  of  this  regum.  Phase  eha  rad  eristics  which  arc  important 
tor  high  late  data  iraiisniissions  were  nr>l  c«>nsideied  in  older  vcnce  radi<»  receiv ei  s.  The  transmitter  and  receiver 
channel  fillers  cause  cspeeiallv  large  phase  shifts  near  the  band  edges.  This  deviation  from  linear  phase  vs 
frequency  causes  ringing  and  consequently  intcrsMnb<»l  interlcrence  when  receiving  serial  data  and  leads  i*i 
degraded  bit  timing  <in  paralle)  tone  data. 


Ki^zure  5  illusUalos  liUvr  chaiav  ifrisnv'snl  i\\«i  «»J  a  iniliMi  \  n  aiis^ t-i\oi  TIk-  t  lia»  a«.  Ici  istu  •*  at  i-  m« ii 

similar  and  show  tonsidorabic  rippivv  A  tiaiiviniiici  ivcctvoi  link  uill  lunc  iui>  •'!  thf-i’  apci  unvs  in  landt-m  \ 
spec i I  if  pioduf  linn  run  i>  like  1\  !<>  havf  a  unii-iuf  bainipass  cIi.iku  let  tsiu  Ixvaiisf  t  lif  ifL  htuil*>iz\  li)  nhiain  t  lu- 
narrow csl  bandpass  has  i\  picalh  bff  n  (ini(.{Uf .  o .g..  a  majjnf losii  iv  i  ividv  ili  n  fn  lufc  hanifal  t  iluT  m  i  \  ^tal  lal  l  i».f 
UUcr  ai  an  inlernu'diau'  1 1  eque lu  \  sii».h  as  4ss  kM/. 

Data  sijinal  phase  iitle r  f  an  result  I  roin  lot.  al  o^v  illaitii  iiisiabi lilies  i. »iusei.i  b\  lo\t  (J  lumiiii  1. 1 1 *.  oils,  phast- 
lock  loops,  nois\  f  ireuii r\ ,  init  mphonn.  s. eu  . Oliler  i  adit»seniplt»N  in^  vac lunn  iiil>es  h n  1 1 ee  i  Lintune t»sf  dlaUn  s aie 
nol  panic  ularly  nnis\  but  also  were  not  speeilieil  lor  this  paiaineier.  Microplumies  causei.1  h\  I  Iiubl  \  ibrat  n>n  louIiI 
be  serious,  Trans istoi'  osclllalt>i  cirt.  nils  h.ive  less  niierophonies  but  tvLitneU  mot  e  I  Ik  ket  noise  tu id  ol  ten  use 
synihcsi/.er  designs  which  accentuate  some  phase-lock  loop  osciilaior  sidebands.  Some  cominei  cial  1 1  anst.ei\ei  s 
cause  degraded  dalii  perlormance  w  hen  can  s  ing  phase  ci»herent  mc)d illation. 

The  newest  mililai  i/ed  transceiver  procurements  do  speed  \  these  data  iiansinissit»n  pat  a  meter  s  The  link  1  1 
modem  requires  highet  pet  lorntance  than  mt>st  other  data  s\ stems 

Audio  Channel  Peripherals 

Twt)  notable  input  output  devices  iniw  being  cleveloped  or  acquired  are  the  small  data  terminal  and  the 
secure  voice  terminal.  These  pet  ipherals  interlace  with  radit)  transceivers  at  the  audio  channel  4iiui  ilieiehnc 
include  a  voice  channel  modem  w  hieh  puts  perlormance  lequiremetits  t>n  the  traitseeivei 

Handheld  Data  Terminals 

Handheld  terminals  are  suhsii  lutes  lor  teletv  pe  equipment,  computer  terminals,  oj  1 1  ametlionimuous  u^ive 
(CW)  operators.  Thev  allow  of  (line  e<>mp<»sition  and  editing  helore  transmission  at  leleiv  pe  c»i  hut  si  tales.  St  tuple 
irequenev  shill  keving  (FSK)  or  phase  shift  keving  (PSK)  modulations  are  tvpieal  Demodulation,  storage,  and 
display  complete  their  capahi lilies.  Some  convert  Iroin  alphamimeries  to  .Morse  code  and  subsequent  .\h»i  se  code 
demodulation.  One  generates  a  map  ir<im  a  plasma  displav  grid.  Mom  use  a  miniature  membrane-lv  pe  leletvpe 
keyboard  but  one  uses  tri -valued  alphanunierie  kevsand  a  shill  controlled  bv  the  I  i tigers  ol  i  he  holding  Ikind.  I'iguie 
6  illustrates  repiesentative  militarv  and  commercial  models. 

The  development  of  apptopriate  dev  ices  will  continue  towards  some  eonligu  tat  lonaKonceiisits  Spcculaliim 
suggests  divei  se  possibilities.  The  sSholes  lOVVl-'RTVi  kev hoard  was  designed  (in  lS78i  spccilii  allv  shtw  I v  pisis 
and  avoid  rncehanieal  ke>  iamming.  The  cUicient  Ovovak  kesUnwd  mas  We  more  appiopruite  lor  mnnatute 
kevboards.  Scrolling  display  keyboards,  whiehareconlitigeni  on  digram,  ingrain,  or  ope i  iiiion.il  pi  ohahiliiies  and 
on  shif  t  kevs.  seem  likelv  candidates  to  reduce  the  lunnherol  kevs. 

Data  svstems  requiring  last  sv neheoiii/alion  and  hurst  ttansmission  ssstems  require  last  automatic  level 
eonirol  (AI.C)  and  automatic  gain  control  (A(»(.'l  in  addition  to  linear  phase  (eonsui..'  delav  or  low  i  Ingiiigl  vihee 
channel  lilter ing. 

S«cure  Voice 

The  Ini  ted  Slates  has  worked  towards  secure  voice  eomiininieai  ions  s\  steins  tor  2d  \  ears,  liar  I  let  pnigranis 
Included2400bitsperseeond(b  s|  vocoder  compel  it  ions,  and  the  dev  elopmenlol  wireline  and  Ml' modems  designed 
U»  interlace  with  encryption  devises  The  qualitv  oi  the  liansmitied  voice  and  the  cost  ot  aslding  thtee  major 
additional  eotnponents  (digital  voice  device,  modem,  and  ss*euritv  device)  to  radio  teitninals  did  not  iustits 
acquiring  a  general  purpose  capahi  I  it  v  until  now.  The  new  lins*ar  predictive  analog-itj-digilal  eoinei  lot .  tomhjneil 
with  modem  and  ciphering  capahi  lit  \  in  one  package,  is  a  sjgmlicanl  impmvement . 

HP  modems  for  high  speed  data  such  as  24(H)  h  s  digitized  voice  have  evolved  tow  aid  multiple  lone  signaling 
carrying  dillerenlial  phase  shift  keying.  Serial  data  moelenis  provide  economical  serv  ice  over  w  i  relines:  but,  on  HF 
radio  networks,  multipath  ilelav  usualK  causes  iniersvmbol  iiuerlerenee.  ConsequentK .  parallel  tunes  having 
du  I  at  ions  mueh  longci  than  lhee\pe'cted  multipath  delav  sate  favored,  even  though  parallel  e  hannels  have  been  an 
expensive  implementation  Digital  data  pioeessing  now  minimi/es  the  parallel  hannel  cost  penalt  v :  however,  the 
linearitv  requirements  on  RF  power  amplifiers,  combined  with  the  high  peak-lo-average  power  ratio  ol  parallel 
tones,  degrade  svstem  perlormance  compared  to  that  wilh  constant  envelope  modulation  modems. 

The  c(;iiDicl  between  maximi/ing  power  output  and  minimi/ing  sell-induced  inlermodulalion  noise  is 
addressed  in  a  new  HF  modem  In  hard  clipping  the  ensemble  ol  times  to  reduce  the  peak  amplitude  and  then 
prov  id  ing  band  limiting.  About  4.5  dB  v>l  peak  clipping  prov  ides  the  best  overall  perlormance  Sevei  ibeless,  new 
exploratory  serial  modem  developments  max  provide  perlormance  improvements  over  the  par  allel  modems 

The  voice  data  modem  need  not  maintain  belter  than  a  )  l(HK)bil  error  lale.  Fui  ihermore.  s<)me  data  are  more 
important  than  other  data.  The  HF  modem  has  been  oplimi/cd  lor  sending  voice  data  over  HF  piopagation  paths 
that  protect  eritieal  voice  data  w  ilh  erroi-e«»rieclion  logic. 

The  synch mni/al  ion  ol  modems  and  security  devices  requires  several  steps  w  hich  must  be  especial  I  v  robust 
t)r  reception  will  nol  begin.  Preamhlescomprise  synchronization  signaling  sequences  which  mav  require  I  2  second 
lor  transmission.  The  svnthroni/aiion  time  max  be  impacted  by  radio  ALC  and  AGC  lime  constants  and  hx 
automatic  antenna-tuning  algorithms  in  some  transceixers  designed  lor  push-io-taik  voice  comnmiacations. 


Analog-lo-digilal  conversion  of  voice  for  HF  now  strixesfiir  natural  \«»ice  l  ransinission  w  ithin  a  24(X1  b  s  data 
rate  Both  modem  and  analog-t<j-digital  ctmversion  will  continue  t<»  receive  attention  in  the  \ears  toc«»me  because 
secure  \»)ice  still  signil  icaitlly  degrades  iheabilii\  tocomiiiunicatc. especial l\  under  marginal  conditions  w  Ik  the 
modem  exhibits  threshold  perlormance.  The  possibilii\  now  exists,  howe\er.  that  the  modem  will  permit  s-ipet  loi 
perlormance  in  the  threshold  perttirmance  area. 

NEW  SYSTEMS 

The  svsiems  discussed  heU»w  describe  nctwxirks  which  mav  replace  v>r  supplement  present  conligurations 
The  great  niajoril\  oi  HF  s\stems  operate  in  point-io-poini  sertice  or  as  part  ol  a  limited  network  of  terminals 
ser\  iced  bv  a  netwt)rk  control  station.  Svstem  Irequencx  agilitx  has  been  limited  h\  antennas,  antenna  sw  itching, 
and  antenna  tuning.  As  the  new  automatic  radios  enter  ser\  ice.  ihev  will  enhance  operation  ol  the  existing  networks 
and  will  he  capable  ol  pa  it  ici  pa  ling  in  more  complex  networks  through  greater  I  requeue  v  I  lexibilitx  and  ihnmgh 
the  abililN  it>  cht>ose  altcrnativ  e  pr«>pagation  paths  and  modes. 

ICS3 

\a\A  HF  systems  aim  towards  I  requency  agililv  on  shipboard  plat  I  onus  where  colocation  mterlei  eiu  e  is  j 
dominant  concern.  The  United  Kingdinn  ICS-3  program  ol  the  Admiralix  Surface  Weapons  F-siablishmenl  iscclii»ed 
bs  an  attempt  by  the  LS  \a\y  to  radicallv  K>wei  all  self-generated  components  of  the  noise  Hour.  .Although  this 
sMiibiosis  is  indicat  iveol  a  pn^bable  new  HFnetworkingcapabilitv.  lCS-3  pi  imai  iK  enhances  grtnind  wave  and  sk\ 
wave  iransmissiijns  through  rapid  propagation  selection  and  data  handling. 

Figure  7  contrasts  ICS-.^  architecture  and  its  predecessor.  Frequenev  agililv  is  tibiained  b\  eliminating  the 
complex  of  tuned  narrow  band  transmitters  and  multiplexers.  Instead,  a  broadband  power  ampliliei  and  antenna 
handles  multiple  independent  signals.  Receivers  are  led  from  an  active  antenna  vxhich  is  small  and  li)caled  foi 
improved  isolation  I  lom  the  transmitting  antenna.  Control  is  enhanced  b\  computers, 

The  ICS-,^  related  programs  spawn  new  hardware  revolutionai  v  capahiliiv.  That  equipment,  in  turn, 
should  civahlenclwinks  capable  of  cvmt  rolling  link  cmissUmssoas  to  minimize  sell  interference  and  not  ice  bs  other 
spectrum  users, 

SELCAL.  Scanning,  and  Channel  Evaluation 

1. arge  SSB  voice  net  wttrks  that  serv  ice  aircrall  seek  to  automate  HF  communications.  F.liminatum  of  channel 
monitoring  (an  onerous  addititmal  aircrew  duivi  and  automatic  addressing  at  the  mobile  terminal  via  a  digital 
pivamble  (SELCAL)  are  collateral  improvemenis  now  being  tested  along  w  ith  a  scanning  sv  stem  w  bicb  pn  ks  the 
best  oi  alternative  paths  and  trequcMicics  as  determined  bv  channel  evaluation.  Channel  scanning  lor  tjcciipaiicv 
originated  in  VHF  equipment  and  is  now  available  I  lom  several  HF  manufacturers.  Channel  evaluation  algoi  iilims 
aie  often  proprieiarv  and  are  under  continued  development. 

Link  quality  can  be  assessed  via  the  use  of  <ine  <»r  more  measures  such  as:  signal  level,  signal- to  noise  rat  io. 
digital  error  detection,  sounder  signal  parameters  (timing  and  time  delav  conlimiiiv).  and  memorv  ol  recent 
assessments.  The  requirement  is  to  recogni/e  a  desired  signal  and  to  rale  it  among  ahernatives  which  mav  he  in 
different  hands  or  I  rom  alternative  paths  or  modes.  Signal  lading  and  noise  variations  preclude  accuiaie  single- 
channel  measurements  in  less  than  several  miiniies;  quick  ineasurcincnis  require  using  several  frequencies 
simullaneouslv  to  obtain  frequenev  diversiiv.  Thcrel»>rc.  a  memorv  table  is  often  the  final  vithitei  ol  channel 
selection.  One  scheme  gives  greater  weight  to  recent  measurements. 

No  HF  networks  have  been  auloiiiaied  using  scanning  all  hough  demons!  rations  involving  sevenil  teirninals 
have  show  n  hardware  foasihiUtv.  Analvsisol  large  networks  is  lacking.  CUH.  ks  are  not  proposed  so  that  all  possible 
combinulioiis  and  I  requencies  mav  need  scanning.  Figure  8  shows  a  proposed  scanning  scheme  which  requires  0,^ 
second  per  frequency . 

.A  prognosis  for  the  use  of  scanningforadapling!oi(»nosphericcondillons  is  that  the  advantages  of  automatic 
alternative  routing  via  the  best  frequenev  and  path  will  he  utilized  in  limited  networks  but  limed  svsiems  will 
provide  access  within  large  networks. 

Implementation  til  SFLCAL  and  scanning  techniques  can  take  place  through  the  remote  electrical  capahili 
ties  of  new  replacement  radios.  Add-on  lunding  for  aircralt  terminals  may  be  anticipated  tor  interim  advantages  if 
the  ground  network  coni  nil  stations «.  tin  he  ivconligured  economically.  IMiirnalelv,  programs  such  as  K'S-3  ansvxer 
more  needs. 

Packet  Radio 

In  contrast  to  SELCAl.  and  scanning  schemes,  packet  radi<»  is  a  complex  computer  data  exchange  relaved 
among  many  line-ol  sighl  (LOSl  radio  nc»des.  An  i.-band”  svstem  was  chosen  lf>r  its  irequenev  assignment 
availabiittv  and  in  consideration  of  e.xchanging  l(X)0-bil  data  packages  in  microseconds.  Table  2  lists  hardware  frir 
this  cooperative  network  de\el(»pmcnt.  which  is  alreadv  inlluencing  the  international  HF  communitv. 

Packet  messages  carrv  their  own  addresses  to  allow  the  message  to  seek  a  path  through  several  nodes.  The 
dominant  netwiu  k  eoncerr'  is  to  avoid  overload  disasters.  Message  l(K»ps  are  eliminated  bv  piot<K*ols  w  hich  keep 
track  ol  trai  sition  ihrmigh  ‘tiers.''  OverUmd  is  ininimi/od  bv  ’  itansfer  pcnnl  ”  routing  and  bv  slowing  the  pa<.e 


lu-' 

u  talc  I  si!\”ss.  I  nktui\Mi  n  )iiK‘s  in.»\  bo  oi  i.iiiuxi  b\  '  1 !« ttHitiii!  t  iiiuo'.i'^  li  »i  1 4  itjuni;  .iul  I’l  osi-iii  impk’iiiomalhuiN 
uso  rolati\ol\  Jou  tuidos  aiul  ropoators  itKatotl  al  hi^hh  vi^iblo  hn.atmn'*.  In  la*.!,  fo-'t  not\M-rk  ni/0'«  aro  tni>!v 
approprialo  bn'  III'.  I’lio  r  olianoo  «»n  ahorna«i\o  pai .illol  1 4111! os  |4»  liio  iio\l  !ioi  u ill  Iv  nl  inioi osj  !» 1  aur* mial u  In 
notuiM  k  dosiunors. 

I'i^uro^  show  s  a  pa*,  kol  1  a».lio*.nmpj  isitio  anioinia.  Ki  iniKluio.  ajul  pm*  os«.,>i  iiiiaUiIo  Tho  pt  1  •*  oss,n  v  unu I i.1 
bo  adoqiialo  toi  tiio  iiiossayo  handling  iiiii*.  lion  in  an  aiiioinali*.  HT  1  aiini 

SNOTEL 

SSOl  I'l.  is  a  niolooi  bursi  (.oninuinivations  s\sioin  ufiah  lolavs  smiu  *.ovoi  dala  linm  4*\oi  lainolo 
mountain  data  00!  loot  ion  sit  os  in  tho  Wostoi  n  rnitod  Statos  it»  a  *.ont  1  al  pi  iKOssino  la*,  ilitv  in  ()i  o^*ni-  Ills  notalilo 
bn  tho  si/o  ol  tlio  nol\^<nk  (soo  I'iL’UU'  10).  tho  liansioni  aiitl  4.li\oiso  pr4»}>ao.«lii'n  path  ni«>4.los  tho  snudl  ii-moto 
torminal.  and  t  ho  spood  ot  installat  ion.  I  in  1  hot  jnof  o,  it  pi  *  n  k!os  an  .ti  oumonl  aoaiiist  i  ho  a  1  hi  1  raiA  I  unit  ino  « it  HI 
otjiiipmoni  to  .M)  Mil/.  Ill'  alono  il4ios  not  ptovido  tlio  ad^ipti\n\  tlosiio*.!  loi  v4>inimmiLa!m^  iluiinp  ilistnt  l>oi.l 
*.onihiions.  Extondiim  now  III- (.'quipniont  *.apabililv  into  tho  l4»\s  \  II  I'band  isospooloii  to  nnpi  o\  o  t  lio  usool  tho  Ml 
\HI-  boi'doi  iroquonoios  b\  utib/hpii  itinosphoi  i*.  piopa,<>aMon  abino  tho  nuiMininn  usablo  hoqiioiuv  i\U  }  i. 
spiiratli*.  H,  inotoors.  dill  1  ai  t  i«»n,  ground  w a\*,*.  .nul  o\ on  1  ol  lo*.  1  ions  n|  [  ai u  1  .il  t 

All  tho  aho\o  pt'opa^at ion  inodos  .nv  o\oi*.  isotl  bv  mot 0**1  bin  s|  *.4»mmiim*.  at  i«*ns  s\  stoins.  Inn  t lu  ilonnnant 
ilosjon  0*  ms  idol  at  ion  has  boon  1  ho  1 1  ansmissi*  >n  of  a  pa*.  k*t  *lui  ino  a  inolooi  1 1 .11 1  lib-  ol  kss  than  a  st\  oiid  NU-toni 
a\  ailaiiilil  \  is  a  so.isonal  nul  dim  nal  \  aiiablo  \\  hi*,  h  v  •  nnploinotits  HI  pi  t*papali<  m  I  It*.'  .S\()T|  I  i  otiioto  tm  nnnal 
uo  no  rat  os  V)(l  VV  to  sond  2(H)0  b  s  PSK  1 1  iinsnii‘^si«)h  in  it  I  so*.*nid  I  ho  low  *.lut'*  v  s*.  lo  alhnv  s  a  s*»Iai  v  i’ll  loin.  'i*.- 
tot  inmal  p«»uoi  s\ sioin  I  ij-uio  I  I  illiisnaios  tho  poriablo  lost  toiininal 

I  ho  not  work  mioi  1  o^at  i<m  proto*.  «*l  inakos  usool  tho  I  inn  tod  piopait^Ot*  m  b*ot  pi  int  alloidoil  b\  motooi  s  jiui 
proto*.  Is  a^aitisi  *.oniinuous  propagation  .illordod  b\  giiHiiul  ua\o  and  s4»ino  dit  i  ki*.  t  ion  paths  appi  >  mi  hi  no  b'd 
miles,  Alt houjih  tho  sysiomo\porjon*.osditlioiiltiosu  liliauioi.d  *.ondit nms.  it  sijv*.ossiull\  mi 01  i**o.itos  ^i>'  .  >1  1  ho 

fiold  in  minuios  o\on  though  notuork  and  modulation  aio  not  s*iplusti,..nod 

Tho  I  Ml  pact  ol  SNOTI'd.  Is  thodonionst  rabIoo*.4m*im\  ol  .i  simploilata  tot  inm.il  u  In*,  h  iisos  maiiN  pr  *  ipapai  i*»n 
iikkIos  in  iho  rolaii\oK  unusod  HP  \'HF  bo  dor  Iroqiioiu  los  S\()Tl  .1.  iloinimst  1  a  10s  1  hat  a  lou  noiuoi  k  n*nt  t  oi 
stations  have  a  st  i<mu  probabilltv  ol  oomimmioalitt^  with  a  inobilo  tormmal  uit  hm  a  lou  mi  nut  os 

NEW  COMPONENT  TECHNOLOGY 

Now  ss  stomoonoopis  havopMmnnoikotnpononi  i mpro\ onion isu hi*,  h  loalK  1  opi  osont  now  i  apabilit  los  I  ho 
K  SA  anal s  SIS  t  osonnnondod  that  tho  linoai  itv  *»l  r*.voi\oi  mixoi  s  and  ol  piwvor  amplil  loi  s  ho  ma tonal K  miprovod 
and  that  tho  phase  noise  ol  last  lioppinp  s\nihosi/ois  bo  lodikod  so  that  tho  iioiso  Motif  oaiisod  bs  *.ol*n.aled 
equipment  \sould  approach  atniosphoric  imiso  St»mo  ol  iho  iop*»fis  Irom  do\ol'»pmont  proeiams  ate  now 
appearing. 

Wideband  HF  antennas  are  not  new.  but  inno\alions  are  undoi  m\osii^aiion  Some  wa\s  to  .*bt<nn  a 
w  ideband  eapahilitv  are  described  in  this  section. 

Coinpulor  processors  pro\  ido  tho  kov  ioonhai)cin|>  adapt i\o communications  The  piocoss,,i  s  need  mating  lo 
analog!  1  adio  equipment  and  to  real-time  cltKks.  T rends  are  discussed  below 

Receiver  Dynamic  Range  and  Noise  Figure 

Although  the  now  Irequenev -agile  reeeivois  exhibit  ginnl  dxnamio  lan^o.  noise  liguro  suMors.  Roquirod 
roeoivoi  poiioi  inanoo  is  \or\  much  rolalod  lo  >\  stem  1  oquiroinonts.  For  exam  pie.  tiu’  i  hit  dm  doi  inloi  oopi  point 
ineroasos  in  iniportaiieo  as  the  loxol  and  donsjiv  *»!  unwante'd  signals  iiu  roaso  aboaiil  watships  whoio  sonsiti\o 
roooivors  arooporatod  in  close  proxiiniix  to  high-powor  iiansinittors  .\n  additional  problem  spec  itic  lo  rocoi\oi  s 
eoloealod  with  transmit  tors  Is  that  <»t  roooivor  Iront-oiid  pn)tooii<»n  Cut  rent  shipboard  installations  olion  inc  ludo 
pads  in  the  ^ec•oi^c•r  anlonna  loads  to  minimi/o  iho  piohlom.  In  tilhor  oases,  inolf  ieionl  rocoi\o  anionnas  (suc  h  as 
shot  t  active  whips)  are  used.  These  approaches  assume  ihe  presence  ot  an  excess  ol  wauled  signal-io-noise  ratio; 
this  assumption  is  inconsislenl  with  scenarios  iiuoixing  ground  wa\e  pitipagation  and  excessive  ionospheiic 
absorption  resulting  Irom  nuclear  hlasis  or  Irom  naturalK  occurring  phenomena. 

The  newest  diode  mixers  allow  systems  to  obtain  +.^.^  dBm  input  inlei  cepi  points  but  sullei  12  dB  noise 
liguies.  Diode  mixet  loss  eon  tributes  direcliy  to  the  n*»isc  ligurcalong  with  \  arious  i  iivuit  insertion  losses  such  a'* 
those  f  rom  the  f  irst  IF  t  iller. 

Twoeircuit  approaches  to  achieving  low  noiseliguivand  laiged\  namie  range  are  louse  a  low  noise,  low  -gain 
atnplilier  in  Ironl  ot  the  mixer  and  to  u.sc  mixers  which  exhibit  gain.  Varactor  up-eon\erlor  mixers  have  been 
employed  in  HFsxslems  w  hich  exhibit  6 dB  noise  I iguics  and  20dBm  intercept  points.  Amplil  iers  at  ec  haracieri/ed 
in  Figure  1 2  by  noise  I  igure.  and  third-order  intercept  point.  Apparent  I  v.  2  dB  higher  noise  tigu  re  is  traded  tor  about 
10  dB  greater  signal  handling  eapabitiiy.  In  general,  the  use  ol  an  amplifier  provides  a  range  of  coinpromiscv 
Filtering  can  help  dee  tease  intermodulalion  produels  from  inlerfcicnee  sull  ic  ienllv  far  Irom  the  signal  liequenc  v 
High-powei .  agile,  programmable  I  liters  have  been  iiiuler  research  lot  ull  t  a  high  I  requenev  (I  HFi  iransnimcrs.  hut 
not  for  HF  receivers. 

One  system  approach  lo  ameliorating  nonlinearities  is  to  use  a  programmable  attenuation  ahead  ol  the 
receiver  so  as  looperatealwavsal  the  jxiiiil  at  which  receivei  noise  has  iusl  begun  to  degrade  performance,  iherebv. 
a  lesser  inlereept  point  specific  at  ioii  is  possible.  Anolhei  approach  is  lopiov  tde  both  a  low  noise  figure  cite  uit  and  a 
high  intercept  point  circuit  and  to  select  the  appropriate  mode  depending  on  propagation  conditions.  Eleciioni*. 


su  Itches  are  somewhat  more  linear  than  the  best  ainplil  lers  anJ  mi\ei  s  and  do  not  int  roduee  niniline.it  it  les  ol  the 
magnitude  caused  bv  AGC  control  ol  amplifiers.  Kiriallv.  lou  rniise  is  more  import  ant  at  higlier  I  requeiit  les  \\  hei  e 
iniermodulalion  mav  be  less. 

Frequency  Synthesizers 

The  programmable  lrequem\  s\nthesi/er  petionns  the  local  t.scillator  luiuiioii  In  Itequeiuv  agile  .ind 
lrequenc\  hopping  s\slems.  lleiKe.  iliex  are  Used  in  both  traiisnuite!  and  !ek.ei\ci  suhs\steins  liiinng  speed 
tsettling  titneiand  spectral  puril\  tparlicularK  oll-itine  residual  phase  noiseiaie  the  two  most  impoi  lain  paiame- 
ters.  Ihchumci  sets  the  limit  nnihuimc)  siannjnf.Mir  h«*pping  rates  and  ihe  latter  limits  ilie  selet  1 1  \  it  \  til  i  e^  eoei  s 
opeiciting  m  an  en\ ironmeni  ol  ni>is\.  high-le\el.  i>ll-hequeiKA  interleieiue  Tins  laltct  piohlem  o^\nis  tAcn  il 
l  ransmit  ter  signals  are  pure  tones  because  ol  rev.  iprcK  al  mi  vmg  w  herei''v  4  »1 )  tune  s\  mhesi/er  lunse  signals  nn\  w  it  h 
oll  tune  receiver  input  signals  to  produce  the  receiver  lb  liequeiuv  tsee  btgure 

Two  basil  kinds  ol  s\ ni hesi/ei  have  ev olvcd.  One  is  the  mdu  ei  t  sv  nthesi/ei  w  Iik  h  util i/es  phase- K i».  k  loops 
aiul  hence  lends  to  have  a  relativelv  long  s<.  n  iiig  1  ime  tgo*>d  pel  l<»i  inaiiie  is  in  the  tndei  ol  I  msi  Theoihei  isthe 
ilirei  t  sv  lit  lies  i/ervv  (pch  uses  mixing  1  titering  processes  vv  Inch  settle  quu  kiv  nn  theoi  dcr  ol  tens  nl  miciose4.»*ndsi 
The  relativelv  pool  noise  pel  lorinaike  »>!  e.u  !v  diiei  t  sv  nihesi/ei  s  h.is  tnnv  been  largelv  ctvei  mme  and  essent  lalK 
equal  noise- 1  loot  pci  hn  tiuuK  e  is  now  av  ailable  I  roiuconimeu  talk  av  ailahlc  umi  s  n|  both  t  v  pcs  t phase  iioist- 1  !■  K>t  in 
I  he (»i  del  ol  I  I,,  (4(ldB  below  fliedesiiedoutputr  Mowevei.  tile diiei  t  s\  mliesi/ei  is  sj  d)  sigml  n  ant  lv  tnoj  e  v  osi  I  v 
than  the  indirecl  ivpe. 

Note  that  despite  w  h.u  has  been  achieved,  aikl  despite  the  ui  iliiv  ol  sv  ntliesi/et  s  ni  modem  sv  stems  n.Hse 

I  loot  pet  lorn  lance  still  neeiis  i«*l>e  impiovedtbv  at  least  2tUlBi  n*  lediiie  the  ellcv  t  s  »it  1  ei  etvei  1  ei  ipmv  .d  mixing  m 
a  high  noise  env  ironmem  .ukl  to  reiliii e  the  noise  bandw  nlfh  «>l  i  oloi atei)  1 1  ansinit let  s 

liequenev  sv  nthesi/ers  loi  lommtiniealions  pm  ibises  are  usual  I  \  built  into  lhei»>mmunk  alions  u\  eivei  01 
exiitei  but.  because  ot  ilieli  uselulness  as  laboiat«»rv  equipment,  several  supeiioi  lommeiii.d  devues  exist  as 
stand-alone  utiiis.  The  pei  lormaike  noted  in  ilie  toi  egoing  paiagiapbs  gene  1  all v  applies  to  these  st.nul-alone  units 
Noise  perlormance  ol  built-in  s\  mhesi/ei  s  lends  lo  be  p«KMei  th.m  hn  lal'oi  at«n  \  tv  jv  equipment  isee  l  igui  e  I  'i 
Sv  niliesi/ed  comnumK at  i<»ns  1  eii  Ivei  s  .mil  t  ransceivei  s  um eiitlv  available  use  phase  h)i  k  loop  sv  stems  w  hk  h 
exhibit  seveial  millisecond  tuning  times  rather  than  the  seveial  nikioseioiki  tuning  times  that  aie  avail. thie 
til  rough  the  use  ol  larger  and  more  expensive  direi  I  liequeik  v  sv  nthesi/ei  s  lin  t  hei  more,  then  pei  lot  m.uu  e  is 

I I  equeiit  Iv  pvioi  Iv  documented  New  competitive  designs  are  undei  w.iv  w  hu  h  m.ike  use « >1  novel,  high  speed,  lai  ge 
scale  inlegiation  (l,SI)c»»unt-il<»wn  i  iix  nils  w  hicb  aid  pei  h»i  luaiki-  f  bn  ♦ugh  fbi-  impi  oteil  i  ui  nil  Jt\  hiux  mix’  tiui 
thev  permit. 

Staiklards  ate  requited  lor  speed  v  iiig  all  aspei  tstil  spe«.  t  lal  punt  v  and  settling  time  both  h>i  stand  alone  .tnd 
built-in  sv  ntlicsi/ei  s. 

Power  Amplifiers 

Most  power  ampliliei  s  iP.-\si  in  milil.u  v  use  emph'V  vaiuum  tubes  Output  sl.tges  .ue  tuned  to  inmimi/e 
hai  inoiiic.  itiierm<»dulation  pnkiui  i  tIMPi.  .md  4»thei  spm  n-iis  and  w  ideb.md  n«nse  outputs  I  utiing  is  tv  pic.dlv 
.keomplished  through  use  ol  servo  sv  stems  w  hk  h  are  fh\  iiomei  ha  meal  m  n.itui  c.  .md  .ue  thet  etoi  e  lelat  ivelv 
slow  (oti  the  Ol  der  ol  UUo  seioiids  to  tune  ai  mss  ihe  Ml'  bandi  anil  i  an  be  1  el.u  ivelv  unreliable 

Alteniat  ivelv ,  vv  ideband  ainplil  lei  s  h.ive  Ikeii  pioduieil.  w  itli  eai  Iv  nn»dels  using  disli  dmled  l  ransnnssioii 
line  tei  h nolog V .  These  sul  let  horn  lelai ivelv  high  hai  monk  .  IMP.  and  spui  luus  outputs,  as  well  .is  I  i4)m  w  iileband 
noi.se.  However,  si  nee  thev  eliminate  the  I  unit  ion  «»!  P-\  output  tuning,  thev  pet  inn  sv  stem  tuning  times  guvei  neii 
♦  uilv  bv  settling  times  withm  the  signal  somws  and  bv  the  i hai.»*.ienstk  s  <»t  associated  aiilenn.i  and  4.oupling 
networks. 

A  eomproniise  appmacli  is  to  use  w  idebaiui  lev  hnologv  at  the  lowei  pMiwei  levels  and  sw  itched  liall-i«,  lave 
out  pul  I  iliers.  The  lat  let  have  ihecluirai  tei  isiks  that  loi  anv  given  f  requenev  within  a  halt  octave,  all  hat  tnoiiics  he 
iiulside  the  selected  hall -octave  pass  band.  This  approach  permits  nnpIcmeiUalionol  an  ainplil  ier  hav  ing  improved 
liarnuMiic  and  spurious  chaiaetei  isiks,  essentia!  I  v  nisiaiit  uniing  vvithm  anv  ol  the  hall -octave  bands,  and  band-to- 
hand  tuning  as  last  as  the  t  ransler  time  ol  the  vacuum  lelavs  required  lor  sw  itching  (about  2s  ms),  Redui  mg  this 
sw  ill  hing  lime  ihiough  the  use  ot  diodes  has  been  deinonst  rated  at  I  HP  hut  not  at  HP.  .Addiiionallv ,  iheie  is  the 
question  of  spurious  pr(»d(kts  resubing  from  the  n<inlitK\u  i)unK'  charactc/  islii  s. 

With  the  development  ol  RP  power  tiansisiors.  a  new  lineal  Ri  ivower  amplilier  ai  chi  lecture  has  cmet  ged 
whereby  the  outputs  ol  a  numhei  of  relativelv  lov\-pM»\ver  modules  are  combined  using  W'  hvbtid  mupleis  to 
prodiiec  a  high-power  unit,  tvpiealiv  several  hundred  watts.  The  system  is  wideband  ihroughoul.  peiniitimg 
essenliallv  instantaneous  liequenev  seleclion.  and  mav  be  lilted  with  outpiil  hall-oelave  lilleiing  to  reduce 
spurious  emissions,  as  noted  earlier.  .A  major  adv  ant  age  of  this  archilee  lure  is  that  output  models  can  tail  w  ithout  a 
result  ing  catastrophic  system  lailurc,  II  ihereareloui  output  modules.  I  ailureol  one  module  results  in  a  lossol  t»ne* 
half  ol  the  out  pul  prmer.  rhe  hiiporiant  eoiuepi  i»l  graceJiil  degradation  ol  perl  orma  nee  can  he  supplemented  bv  a 
capability  tor  on-line  module  repUieeinenl,  thereby  ininimi/ing  PA  down  time. 

PA  units  lor  use  at  HP  are  evinenllv  designed  tor  linear  operation  amplilieation  ot  SSB  signals.  Such 
(♦peraiion  permits  easv  implementation  of  (»utput  emission  level  control  through  manipulation  ol  iow-Ievel  input 
signals,  minimi/es  output  iiltering  reqiiirenienls.  and  mmimi/es  inleraelive  generation  ol  spurious  sigtials  bv 
mill  I  iple  colocated  PA  units  (lor  example,  in  ships).  The  serious  problem  «»l  eoUkaicd  equipment  in  the  ICS-?  svstcni 
has  prompted  recent  activity  (o  produce'  hc'tcer  lineareiv  land  hmer  noise)  ihr<»ugh  the  use  of  feed  forward 
techniques.  Pigure  14  shows  a  block  diagram  of  the  techniques  Delav  lines  allow  comparing  the  desired  signal  with 


Ill-' 

ihc  amplil  jctl  signal  and  insorling  a  lower  p«>wei  corrceuuii  signal.  .At  ilu*  pivscni  lime.  Si^  dB  suppi  essnm  o!  tw\» 
lone,  ihird-order  products  has  been  oWiained  tor  >tK> \V  |X‘akelteciue  power (PliP)  ai  ^  \t  H/  IVi  tuimance  is  p<«.r  ef 
bv  20dB  at  .^0  MH/.  I'nloriunateK  o(liciene\  is  low  tiess  than  Ut''o);  hence  mobile  equipment  pet  lot  inatik.  e  would 
sutler. 

In  addition  to  discrete  spurious  emissions,  wideband  noise  can  present  a  ptoblem.  pameulat  1\  lot  s\  sjems 
\\  hich  require  colocation  ot  transmitters  and  receivers  where  w  ideband  iu»ise  I  nun  the  PA  intei  teivs  diiect  Iv  with 
wanted  low  level  sigtialsal  the  receiver. 

Modern  PAs  do  not  suiter  damage  fit>m  i»u(pu(  niistnatch.  C  ireiiiirv  can  now  be  prov  ideil  t4)  sense-  the 
misnuili-h  and  turn  4»l  I  the  input  signal  bet  ore  damage  oei  ui  >.  even  loi  «»penciieuii  ot  eh»sed*.  ii  vuii  ciniditicnis  A 
w  ideband  amplil  ier  approach  uses  hvhrid  eiiciiits  to  dissipate  letlec  ted  power  in  .i  duno  •;  load 

Tile  use  ol  linear  elass-.A  Kf '  power  amplitier  c  MViiii  operation  pi tihibits  achiovemeni  ol  ilie  highei  el  f  leien 
c  lesoltered  b\  class  R.  (.'.or  t")  nonlinear  circuits,  littii  ient  nonlinearampliliers  that  can  be  pitigi  ainmed  toopet  .ue 
m  a  linear  mode  have  been  investigated  hut  are  not  available  PllicicnK  V  appc'ais  to  require  tuned  ciicuils  aiul 
constant  envelope  modulations.  Htwvevei.  7  dH  td  imptiwemeiU  tor  portable  power-limited  tianstmtleis  and 
jam  me  IS  ts  available  through  ett  leieni  iraiismitteis 

l.iiieai  I  kW  P.A  units,  av  a  i  la  hie  eommei  icalh .  <ue  capable  o)  tivqueiicv -agile  opei  alioiis  i.vei  tlie  etiliie  Ml' 
btUid  rhesc-  Users  pt  «>v  icle  acc epiable  harmonic  suppi essitm  «>ver  reas«MiabK  low-level  iiitet  moduLu  u>n  pi  ocluc  Is 
mismatch  pioieclion.  .md  uldi/e  the  principles  oi  giacelul  dc’gradaf i<»ii  ot  perlorm.mee  and  on-line  PA  module 
icplacement 

Wideband  Anienna  Systems 

In  pt  oposed  w  ideliaitd  .ulapt tve  HI'  s\  stems,  c  alibi  aied  anienii.i  gam  and  elimination  ot  mec  h.iiuc.il  tuning 
ai  c  more  imp«ii  lain  th.m  ell  icieiic  v 

Pool  |v  calibrated  c<»nventi<»nal  anienn.is  ivqiiiie  laigei  p<'wei  margins  bv  me  i  easing  sv  stem  uneei  taint les 
Acc  urate  antenna  calibration  iscspeiisive  and  magnilies  the  botikkecping  problem  with  alleiidam  uui  eases  m  the 
amount  oj  menioiv  .^nci  compu(ati<»n  (vqunvd  to  impieineni  iv.d-time  minimum  p«twei  adaptations  A  tullv 
aclajit  ive  I  Ii  s\  stem  gene  rails  operates  on  low  powei  and  does  not  tc*quii  e  el  lie  lent  antenna  sn  uc  tui  es,  w  Inle  well 
behaved  antennas  c  ill!  enhaiic  CSV  stem  perloi  inaiiceanci  the  pt<»spec  isoJ  qmel  ope)  .1  in  )n  I  sjng  uleniic  al  and  iiearlv 
colocMied  ti  ansniil  and  receive  antennas  simplities  the  bookkeeping  pioblem  in  ss  su-ms  that  tissume  piopagat  ion 
p»ilh  reeiproc  itv . 

Tile  la  I  ge  iiivet  ted  cone  is  an  internal  i<mal  antenna  used  loi  sounding  and  mi>nnoi  ing  that  will  undoubtedlv 
be  Used  lot  numv  more  v  ears.  The  tact  that  such  antennas  are  not  necessanlv  well-behaved  is  import  am  m  path  loss 
measurements  and  in  s\  stems  empUiv  ing  |>ower  coiid'ol. 

Figure  I  ^  describes  an  airborne  paliern  testing  ctmllguralitm  used  h>r  mveried-cone  antenna  calibration 
rhe  antenna  was  esereised  b\  a  tiansmitting  anienna  towed  Iroin  a  behcopier  thing  s\sieitia(ic  cotieenttic 
maneuvers  about  the  invet  ted  cone.  A  small  niono|v»le4Hi  il»e  ground  was  used  1 01  compai  isoii.  Results  i»t  the  tests 
are  sh«»w  n  in  t  igures  IP  and  17, 

The  inverted  cone  exhibits  g<»od  loading  pro|XMties  and  accommodates  verv  high  liansmittei  powet 
However,  the  actual  gaincharac  let  »sIk  s«>t  the  popular  invciicdcone  suppoi  te'd  I  rom  si\  piiles  divei  ged  coiisidera 
hiv  I  rornc.xpectalions  and  speei)  tea  lions.  Figure  IP  shows  the  vertical  antenna  gain  in  decibels  (twer  isoiropici  as  a 
t  unction  ot  I  ivquencv  and  clev  a  (ion  angle.  The  largest  gains  were  several  decibels  hweer  than  expected  Also,  mniee 
the  tail  Iv  wide  variations  between  equal-gain  coniouis  at  a  coiisiam  trequeiicv  tn  constant  elevation  angle  I  Wo 
nulls  on  the  01  clei  ol  I  ?  or  20dB  are  apparent.  Fortuiiatelv .  both  these  nulls  are  outside  the  usual  operating  regioti. 
which  toughlv  includes  treciueucv  and  elevation  angle  pairs  below  tlie  straight  line.  Even  in  this  region  the  antenna 
gain  can  vaiA  b>  several  decibels,  especial  Iv  al  the  low  erelev  at  ion  angle'  Such  data  would  have  lobe  stored  lot  eac  h 
a/nc*;ina  c'lnploved  in  Mb'  sv  sienis  measuring  path  loss. 

Variations  in  the  bori/oiita!l\-|'Hilai i/cd  inverted-cone  antenna  gain  were  trulv  dramatic,  as  depicted  m 
Figure  17.  According  to  the  antenna  speed ical ions,  there  should  have  h,  vn  t  .senlialK  no  hori/onial  gam  and  less 
than  1  clH  variation  with  a/inuithal  angle  in  veiiicallv-polai  i/ed  paiiei  ns.  Even  the  vertical  gam  had  several  dec  ibel 
discrepancies  al  diiterent  a/imulhs.  Again,  such  data  must  be  part  ol  anv  accurate  path  loss  measurements 

Other  broadband  antennas  art’  in  Figure  18.  Rc’cent  approaches  include  luned-iiap  antennas 

which  intentioiUilU  intrtjdiice  resistive  loading.  Figure  1^  shows  the  peihnmance  ol  a  luned-liap  aniemia 
developed  lor  ICS-.^.  A  voltage  standing  wave  iatio(\'S\VRiless  than  V5: 1  ov  ei  the )  requeiu  \  range  td  P  to  MH/  is 
obtained  al  ellieieiicies  near40‘’f>. 

A  simple,  elect  rieallv -short  motujpole  induct  ivelx  loaded  in  the  middle  exhibits  improved  overall  et  lie  ienev  i( 
it  is  lesistivelv  loaded  at  the  base.  Figure  20  shows  the  |X’rb»rmance  improvement  ol  an  antenna  ^  m  high 
Combining  antenna  loading  and  a  lai  monopole  produces  the  Smith  chart  perlonnance  shown  in  Figure  2l 
Considerable  Ireedom  is  available  towards  developing  improved  Held  antennas  having  acceptable  loading 
properties. 

Frequeiiev -agile  antenna  couplers  max  not  he  neeessarv  lot  Irequciicv  hopped  emissions  The  batidw  idlh  ol 
couplers  max  be  approx  iniateix  I  .^0<»l  i  he  cetiler  I  requeiu  x .  Hopping  vxilhin  the  bandw  idlh  is  appropriate  1 01  HI 
ionospheric  propagation.  Resistive  antenna  loading  can  nnproxe  the  handvx  idlhs  axailable  Alternatixelx  sexeral 
antennas  can  be  used. 


For  timsl  s\ sit-ins.  ictt-plion  ict|imvN  vt^iliu  ilum  kt\ i,  i\ nit:  nnuiin.ts  ».jn  Ft-  m.iilt 

broadband  ibiftiiuli  irnpcdt-iKt-  niatcbint’  and  atiivf  fliUK-ni'-  Ihtic  au-  n««u  numt  vi'iniiK-uial  and  iiiihiaiv 
\orsioiis  ol  the  short  ck-t  t rit  al  anlonna  tonpk-d  b\  1 1  anst«>t  mk-i  aiul  «*i  .nnplil  k  i  Ut  a  1 1  aiismissiim  Iiik- 

Processors 

Digital  control  s\sii.Mns  provide  the  neivon-'  xvsicm  bn  iiiodcin  HI-  designs  Iluv  >  lu  lie-'l  i  ate 

autt>nialie  adapt  i\  ilv ,  l  iiniiig.  f  requeiK  \  hopping,  t  haiinei  ck  alnalKm.  t  .uiiaieii  pow  i  j  lev  el  t  •  mt  1 1  il ,  mb  n  mai  n  tn 
1  low  eonirol,  packet  and  other  puMotols.  and  other  coin rol  I iiiit  lions  i eqtiii ed  in  a  na 'dci  n  HI  atlapl i  \ e  sv  su  tn 
Spec  iali/ed  t onipulci  s  hav e  lieen  prov  ided  in  those  lew  adapt ive  ''V  stents  so  I vii  inv csi igaicil 

A  new  general  class oi  equipment  Know  n  as  in ic roc « nnpt iters <ii  insmnnenu » mt  rol  lei  s  has  t  c».  eni  Iv  erne i  .jL-d 
Oneol  their  (unctions  is  li>  coin  rol  and  or  moniloi  t>iher  nisiruinents.  Tiiev  have  been  used  toi  conn  cd  ot  i  cceivct  s 
and  communications  sv  stems  but  mav  not  be  suitaltle  loi  tiie  more  soplusiicaied  s\  stems  fi(»w  cv  ci  i  lu-  [u  lUt  ipic  of 
using  a  cent  ral  coni  rol  let  is  now  w  ell  esiablislted  aiivl  undei  sttnid.  It  appears  that  BAS  It  is  ilie  sol  i  w  ai  c  l.inguage 
and  the  RS-2A2C  and  IF F.F  48S  bus  are  the  external  interlaces  selected  lv\  ilie  cmni  tdlei  design  c  ominumiv  BASIC 
language  interpreters  are  slow;  ihereloie.  mac  bine  language  subroutine’s  are  iicccssai  v  bn  last  (unctions  suc  h  as 
timing  and  data  t ranslei ,  Fast  digital  operations  are  best  accaunplislied  b\  using  the  inlet  nal  1ms  sii  uc  tin  e  ol  iliese 
eompuiers,  Interac  tive  luneiions  ate  aceomplishc-d  bv  well  Knovvii  higher-level  languages 

Since  instrument  eoiurollei  sandc»nnmunicat ums  svstenuoniiollei  sliave  i input  lain  dillei  eiKesiespec  lailv 
regarding  leal-time  I  unc  ii«msi,  the  nec*d  toeonsidersimablearclnieetuiesin  these  areas  is  eleai  I  bei  e  ate  v  ii  luallv 
no  operational  mililai  \  sv  stems  w  hie  h  use  I  nlU  aui«iinal  ie  cent  ral  c  out  rijllei  s  F.xpei  imeiiial  sv  stems  ai  e  usual  Iv 
baseil  on  Ih-bit  militarv  oi  coinmeicial  miiiicompuiei s. 

Real-Time  Clocks 

Know  ing  tlie  expected  lime-ol-ari  ival  ol  coiniiiumcat  ions  and  na\  igatum  signals  bu  ilu  ales  smk  hi  on i /a lion 
ot  demodulator  ci  I  eui  Is  and  thetebv  increases  message  ihrougltpui  Fdcetroiuc  c  l«»cks  ai  c  iiu  rcasinglv  seen  in  new 
communications  s\  stems  as  well  as  in  nav  igat  ion  aid  c-quipinciit  Caicndat  c  I«k  ks  aiul  lime  is  arc<»((cn  avaiLil>k-  in. 
or  as  a  priniedcircuil  I  PC  (card  acccssorv  bn  .  inst  i  uincni  coin  rol  let  s.  but  ilicn  acc  ui  ac  ics  and  i  csiilu(ii*iis  ate  sull 
mosllv  unacceptable  lor  communications  m  navigation  uses  Sv  nthcsi/ers.  rcccivcis.  and  1 1  aiisccivci  s  make 
provision  lor  connecting  external  precision  clocks  lor  Irccjuciuv  tuning  .iccuiacv  Ihcsc  several  needs,  i.e  . 
Iivquencv  coni  rol,  operations  c  locks,  and  signal  sv  iKhrom/alion.  c  an  Iv  aided  bv  using  a  si.uulai  cl  c  loc  k  in  cav  h 
terminal. 

Fleet  runic  clocks  prov  ide  tfnee  c  lasses  ol  capabilitv  .  T\'  stations  cmplov  higivaccuraev ,  pnniarv  siaiidai  ds 
(cesium)  to  avoid  disiui  lving  the  T\’  displav  when  switching  between  unsviu  hioni/'ed  program  sout  i  es  and  w  hen 
nonlincai  itics  in  I  requeue v  mult ip!e\c*cl  circints  might  cause  ino\  ing  distractions  Mobile  terminals,  constrained 
bv  si/e.  cost,  powei .  and  warm-up  time,  Irequentiv  uxe  leinpci aim e-c on ti  oiled  ci  vstal  oscillators.  An  mlci  mediate 
c  apabilitv  is  available  m  small,  rubidium  gas  slandiUcls. 

Thc cesium  primarv  siandaidcxbibits  imdrilt  and  is  suitable  bu  large coiiiroi  stations  w  here  it  prov  idc-s  the 
rcicrencc  tor  the  nctwoik.  Ihc  standard  is  gcneralK  lack  mounted  and  kc|vt  on  conimuousK  in  a  benign 
env  iiditment.  A  i  ubidium  gas  oscillator  prov  ides  an  order  ol  magnitude  less  accui  ac  v  m  a  1 2  cm  c  ube  pack  igc  at 
about  I  3  the  cost  ol  a  cesium  standard.  .An  oven-cimircdlecl  civstal  (►scillator  in  a  7cm  cube  provides  I  UK)  the 
accuraev  ol  a  rubidium  oscillator  at  1  10  the  cost.  |  he  lallcr  two  oscillatoi  s  are  secondai  v  standards,  i  e  .  thev 
require  periodic  adiusiment  as  uulicalcd  bv  the  rising  cm  ves  on  the  riglil  in  l  igm  c  22. 

MFpidpagalion  tv  picallv  exhibits  propagaiioiulclav  dispersion  ol  less  titan  2  ms  whichcoi  responds  to  a  path 
length  variation  ot  600  km.  An  i  Host  rat  ion  ol  ixpicalcIcK  k  usage  is  the  oblique  sounder  w  here  the  stepped  1 1  equeitc  v 
transmitter  emissions  and  receiver  tuning  should  remain  in  svnchrom/ati«ni  without  operator  inlcivemion 
.Accuraev  ol  I  iiiscari  be  maintained  lor  approx  imalejv  M>davs.  ^davs.cu- 1  hour  tor  the  cesium,  rubidium,  ot  civ  stal 
oven  clocks,  icspcclivclv.  ii  the  latter  tvv  o  clocks  can  be  calibrated  at  least  once  a  vear  .Anot  he  t  example  is  a  240()  b  s 
sv  Itch  ion  i/ed  data  svsiem  vv  Itich  imftoses  a  bit  timing  accuraev  ol  about  40  ^js  and  can  be  mamlamcd  tot  2  clav  s.  > 
boms,  of  ^  minutes  (tor  cesium,  rubidium,  or  civstal  oven  cUkKn.  respeclivclv  t  dm  mg  the  absence  ot  a  signal 

The  circuits  whicli  iiiicrtacc  between  pnH.esM»i  and  clock  are  at)  important  considei  aiioii  siiue  cloc  k  timing 
mav  be  degt  aded  bv  the  number  of  eomputei  cvcies  lequired  tm  turn  I  tonal  control  Theielote.  a  cum  mu  me  at  ions 
clock  will  probabU  requite  a  direct-inemoi  v -access  (DMA)  interrupt  inlertace  with  the  intei nal  nitc  i opiiKc-Nstu 
bus. 

CONCLVSION 

Radio  equipment  is  elecironicaltv  ct»nindlab|c  bv  small  computers.  \cvv  communjcations  s\  siems  whu  h 
depend  on  electronic  agilitv  are  in  evperimenial  stages.  Analog  radio  circuits  arc  being  developed  lor  these 
computer  con  I  rolled  sv  stems.  The  interlaces  between  compiiler  and  analog  radio  circuits  are  as  vet  ill  det  med  but  a 
new  aichiteclure  is  evoh  ing  which  pnwidcs  increased  agililv  and  adapt  iv  ilv  m  HF  \  HF  sv  stems. 


Tabic  1.  Typical  Receiver  Performance 
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Linear  ii\ 

Reciprt  »tal 
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rumn^  Speed 

H\i  I  anecnis 
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Spu  IS 

Bandpass  Time 
l)ela\ 

Conr  rol 

Buili-in-  lest 


lor  lOdBiS  +  Ni  \(B\\  =24  kll/l 

+  2(1  dBm  {hit  tl-o!  der  intei ^.ept  ioi  2  etpial  lone-'  at  kHz  .iiui  I'd  kHz  1 1  mn  t  h.tnnel 

‘4(1  dh  suppression  <»l  lotie  ^(1  kHz  lunii  2.4  kHz  v  lianne! 
l.ess  than  2^  ms 


S(1  dB  supj-nession  ol  images.  IT  t  leipieiK  ies.  etc 

\cj1  imn  e  rhan  ten  ^  dB  aho\e  leseixei  noise  llom 
None  111  eater  t  haii  1(1  dB  above  i  ei  eiver  noise  I  looi 


I  ess  t  han  (1  ^  ms  v  ai  i. it  ion  between  ^tHl  Hz  ami  27(H1  Hz 
All  l  emoied  v  la  RS-2'2C  .  IKI-L  4SS  oi  BC  D  paiallel 
Kum. lion  level 


Table  2.  Packet  Radio  Evolution 
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Packer  Radio 
(VPR) 

C'usI 

Packet  Radio 
il.PRi 
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APSTRAfT 

The  ionosphere  is  not  a  perfect  reflector  for  Hf-waves,  and  the  lecture  will  review  some  thp 
resulting  propagation  problems.  Some  of  these  are  encountered  during  undisturbed  ionospheric  enn- 
ditions,  such  as  multipath  reflections,  but  most  problems  are  associated  with  geophysical  disturbances. 
Solar  flares  and  associated  magnetic  storms  cause  absorption,  low  MUF  (Maximum  Useable  F reauenev ' , 
scatter  due  to  irregularities  etc.  The  ionosphere  is  particularly  variable  in  high  latitudes  where 
auroral  phenomena  influence  the  reflecting  properties  of  the  ionospheric  layers.  The  lecture  discusses 
the  presently  available  short  term  forecasting  technioues,  ^d  it  also  deals  with  possihle  wavs  of  mini¬ 
mising  the  effects  of  ionospheric  disturbances,  such  as  path  and  time  diversity,  the  use  nf  earlv  war¬ 
nings,  and  bacU-up  systems. 

1.  iNTRoDurrinN  and  nuTtiNf 

The  ionosphere  is  bv  no  means  a  perfect  mirror  for  HF-radio  waves,  and  the  purpose  of  the  present 
lecture  is  to  discuss  some  of  the  most  important  propagation  related  problems  m  Hf  commynicat  ion,  ‘^ome 
of  these  problems  are  caused  by  the  inherent  properties  of  the  undisturbed  normal  ionosphere  and  its 
variations  in  time  and  space.  Other  problems  are  related  to  disturbances  in  the  ionosphere  rausinfj 
irregular  and  often  sudden  changes  of  the  propagation  medium  from  its  normal  state.  The  lecture  will 
deal  with  these  problems  separately.  The  geophysical  disturbances  are  'nnst  freouent  and  severe  m  high 
latitudes,  and  a  special  section  will  discuss  high  latitude  propagation. 

In  the  companion  lecture  we  have  discussed  the  long  term  predictions  of  monthly  mean  ionospheric 
parameters.  There  is  a  need  for  short  term  forecasts  for  periods  of  davs,  hours,  or  even  minutes,  to 

allow  the  operator  to  adapt  to  rapidly  changing  conditions.  Some  technioues  for  shorT  term  forecasts 

will  be  discussed.  FinaMv,  discussion  will  center  on  the  possibilities  of  avoidmo  or  minimising  the 
propagation  problems. 

2.  PROPAGATinN  PRDRLFMS  DURING  NOPMAl  ,  UNDISTllRBFD  insOSPHFRir  rONDITinsS 

In  this  section  we  shall  discuss  some  propagation  problems  encount  er*»(1  in  The  normal,  utidivt  i^rbed 
ionosphere.  The  distinction  between  undisturbed  and  disturbed  conditions  is  bound  to  bw  somewhat 
arbitrary.  For  the  purposes  of  our  disctission,  however,  the  ionosphere  is  undisturbed,  nr  normal,  when 
no  distinct  geophysical  events,  such  as  solar  flares,  or  magnetic  storms  can  he  identified,  lloiler  such 
conditions,  the  critical  freguenries,  the  layer  heights  and  the  ionospheric  absorption  show  rv)  iargp 
deviations  from  the  monthly  mean  values,  as  predicted  hv  the  ionospheric  models  discusset^  m  r-nn-- 

panion  lecture. 

2.T  Multipath  propagation 

Figure  1  illustrates  a  typical  situation  in  which  several  propagatinn  modes  exist  simu'.t  anenusl  v . 
and  the  received  signal  is  a  vector  sum  of  electromagnetic  waves  arriving  at  the  receiver  from  't|f»ereit 
angles,  with  different  time  delays,  amplitudes  and  polan/at  ions.  The  result  mav  be  severe  distortion 
nf  the  signal,  for  example  deep  and  rapid  fading.  Such  fading  mav  occur  because  the  different  sirina! 
paths  change  with  time  in  different  ways.  In  order  to  detect  the  resultant  signal  ah*ivp  the  bacirgmu'"’ 
noise,  a  larger  transmitter  power  mav  be  needed  than  in  the  absence  of  multipath  propagation.  F re. 
guency  allocation  in  the  HF  band  is  based  on  a  5  kftr  channel  sparing.  Within  a  ^  kH?  bandwidth  the 
fading  mav  not  be  correlated  at  different  frequencies.  This  selective  fading  can  produce  distortion 
the  carrier  wave  fades  to  a  level  below  the  side  bands.  Selective  fading  in  a  T  Wr  bandwidth  channel 
occurs  when  the  time  delay  between  different  paths  exceeds  500  us,  that  is  when  the  distance  m  path 
length  for  the  modes  exceeds  150  km. 

Different  modulation  technigues  are  affected  in  different  wavs  bv  multipath  fading.  Analogue 
voice  transmissions  are  relatively  insensitive  to  selective  fading,  whereas  digital  data  transmission  is 
strongly  affected  by  fading,  even  for  time  delay  differences  as  short  as  50  us  (path  length  difference 
of  15  km). 

Fading  due  to  interference  between  different  rays  frequently  occurs  near  the  skip  distance,  that  is  when 
the  transmission  frequency  is  near  the  MUF  of  the  circuit.  As  discussed  in  the  companion  lecture,  high 
and  low  angle  rays  tend  to  converge  near  the  skip  distance.  Fading  mav  also  be  caused  hv  the  inter¬ 
ference  of  ordinary  and  extraordinary  megnetoionic  components  of  the  wave,  since  these  components  follow 
different  paths  through  the  ionosphere.  Figure  2  shows  an  oblique  incidence  ionoqram  in  which  the  delav 
time  over  the  path  is  recorded  versus  frequency.  The  situation  is  complex  with  manv  modes  present. 
Figure  3  illustrates  a  similar  situation  as  observed  at  one  frequency  (8 


2.2  fffprfs  nf  innosphprir 

Thp  mndpls  dpsrrihpd  in  thp  companion  Icrturo  assumed  that  thp  lonnsphprn'  lasers  arc  narallp’. 
thp  earth's  surfarp.  Tilts,  that  is  horizontal  qradipots  in  the  elertron  dpns»*v,  are,  however,  \‘‘V\ 
important  fnr  radio  wave  propaqat  ion.  I  arqe  scale  horizontal  oradients,  such  as  t^'c  da\-niqht 
sition  rerjinn  near  the  terminator,  mav  cause  deviations  of  the  rav  path  from  the  qient  circle  pa*h  he*, 
ween  transmitter  and  receiver,  with  correspondinq  chanqes  in  siqoal  charactenst  ics,  “Similar  proMe-"--. 
are  also  encountered  fnr  propaqation  alonq  the  auroral  zone.  Such  propaqat ion  is  difficult  tn  mnie!, 
because  the  effects  depend  stronqlv  on  path  qeometrv  and  tierause  the  ionosphere  channe*;  rapidlv  wi"' 
time.  Tilts  with  medium  scales  ’a  few  hundred  Wilnmeters'  must  also  be  considered  as  a  normal  ‘‘eat-ipc 
of  the  ionosphere.  Such  horizontal  qradients  are  associated  wi^h  travellinq  ionospheric  dist  urf'a»n*es 
'IIOs',  These  disturbances  have  wavelike  structures  with  periods  of  the  order  of  TO-^n  minutes,  ar..< 
cause  forusinq  and  defocusinq  nf  the  radio  waves,  f  iqure  4  shows  an  example  of  a  stronci  Tin  inf  lupnciri  i 
the  virtual  height  nf  reflection  m  the  f-laver  vHeorges,  RotfQer  W7fl'  »>as  studiei  the 

occurence  rate  of  Tills  in  the  equatorial  region,  figure  S  shows  the  restilts,  which  indicate  the  pre¬ 
sence  nf  such  phenomena  RH*  nf  ttip  observation  time  during  certain  periods,  Rice  T'i''h‘  has  measiired 
ttie  di  rent  lon-of-arri  va  I -errors  at  HF  for  a  path  through  the  auroral  zone,  figure  shows  an  example  r>f 
t  tie  distribution  nf  measured  bearings.  The  medium  scale  tilts  will  in  fiencral  cause  fading  and  di'^d  ir- 
tinn  of  the  signals, 

2.^  The  effects  of  irregularities 

In  our  previous  discussion  we  have  implictlv  assumed  that  the  ionosphere  is  smooth  over  the  area 
'the  first  Fresnel  zone'  which  reflects  the  wave.  In  practice  the  electron  density  mav  have  tynall  scale 
structures  both  in  time  and  space,  superimposed  on  the  general  background.  These  irregularities  a«*t  as 
sratterers  of  the  incident  radio  wave,  and  they  may  drift  across  the  beam  of  the  transmitter.  The 
effect  of  radio  wave  reflection  from  an  irregular  ionosphere  is  that  as  illustrated  in  figure  '  the 
received  wave  appears  to  the  observer  to  come  from  an  extended  area,  rather  than  from  a  point.  The 
ionosphere  wj  I!  act  as  a  diffracting  screen,  projecting  a  'hsy/ng  tliffrartjon  pattern  on  tn  the  earth's 
surface.  The  observed  signal  amplitude  will  fluctuate  rapidlv,  and  the  fading  will  have  certain  sta¬ 
tistical  chararterist jes  which  depend  upon  the  properties  of  the  screen,  if  the  ionospheric  screen  is 
random  so  that  none  nf  the  individuallv  reflected  wavelets  dominate,  the  amplitude  will  have  a  Ravleitin, 
asymmetric,  probabilitv  distribution  function,  as  shown  in  figure  fl.  If,  however,  the  received  signal 
has  a  strong  steady  component  from  a  mirror-like  reflection,  and  in  addition  weak  random  components  from 
irregularities,  a  more  symmetric  "Rice"  distribution  will  be  observed  as  indicated  in  the  figure.  Roth 
types  of  distributions  are  observed  in  practice,  and  a  knowledge  of  the  statistical  properties  nf  the 
signal  amplitude  and  phase  is  important  for  the  determination  of  required  sional-to-noise  ratio. 

tnnnspherir  irregularities  occur  in  all  layers,  fn  the  f-iaver  tnnosnnde  rt'crtMinas  mav  show 
"spread  f",  that  is  diffuse  traces  where  the  signal  appears  to  be  returned  from  a  wide  range  of  tieigbts. 
Spread  r  occurs  most  often  at  frequencies  near  the  critical  freguenev,  in  the  night  time  ionosphere.  It 
is  more  common  m  high  latitudes  and  near  the  equator  than  in  middle  latitudes. 

Irregularities  in  the  F-region  is  often  associated  with  sporadic  F,  which  will  be  discussed  in  the 
next  subsection,  ftelnw  the  F-region  Hf  signals  mav  be  scattered  from  irregular  structures.  Some  of 
these  are  canned  hv  meteors,  and  this  tvpe  of  scatter  will  he  discussed  in  Section  6. 

2.4  Sporadic  F 

In  addition  to  the  regular  ionospheric  layers  there  ore  several  transient  nr  irregular  layers,  of 
which  the  sporaidc  f-laver  is  the  most  important.  Although  this  lecture  deals  with  problems  in  HF - 
propaqation,  it  should  he  pointed  out  that  efficient  use  of  sporadic  F  reflections  mav  improve  Hf 
t  ransmissions. 

Sporadic  F  'Fs'  occurs  at  heights  between  R*'  and  120  km  as  a  laver  which  mav  have  much  higher  cri¬ 
tical  fregjjencv  than  the  regular  F-Iaver.  Sometimes  the  lonogram  indicates  that  the  F,,-laver  is  thick 
and  opaque  with  a  well  defined  maximum,  at  other  times  the  laver  mav  be  thm,  patchy  and  partly 
transparent,  so  that  higher  layers  are  observed  throuqt'  the  The  f.,  has  different  rharact  eri  st  i''s  m 

different  latitudinal  zones,  and  there  may  be  several  physical  mechanisms  governing  the  behaviour  of 
these  layers.  It  is  believed  that  windshpars  in  the  neutral  air,  acting  nn  the  F-reainn  plasma  can 
create  sporadic  F-Javers  fThimonas  A  Axford  1^66), 

The  sporadic  F-laver  is  a  problem  in  HF -communicat ions  because  of  its  irregular  and  i as  vet' 
uhpredict able  behaviour. 

The  observed  statistical  occurence  rate  of  sporadic  F  is  included  m  current  prediction  schemps 
for  HF-communicat ions  such  as  lONCAP,  (see  companion  lerturel,  F ioure  9  shows  the  statistics  nf  wi»h 
critical  frequency  fT^  >  *>  kfTz.  4s  will  be  si»en,  F,,  is  a  night  time  phenomenon  in  the  auroral  zone,  and 
a  davtime  phenomenon  in  the  equatorial  zone.  At  middle  latitudes  there  is  a  strong  seasonal  variation 
with  maxima  near  the  equinoxes. 

One  of  the  most  importsnt  effects  of  Fg  on  HF  propagation  is  the  screening  effect.  As  illustrated 
in  Figure  10,  the  sudden  occurence  of  sn  Fg  layer  can  prevent  the  signal  from  reaching  the  f-laver,  and 
thus  limit  the  range  of  the  transmission.  The  patchy  and  irregular  structure  of  an  Fg-Iaver  mav  intro¬ 
duce  rapid  fading,  as  discussed  m  the  previous  section. 


2.S  Non-linear  effects  in  the  ionosphere 

The  ionosphere  is  a  non-linear  plasma,  that  is,  a  radio  wave  travellinq  thrnunh  the  medium  rhanije-; 
the  properties  of  the  plasma,  so  that  the  wave  influences  its  own  propagation  as  well  as  the  prooaqation 
of  other  waves  travellinq  through  the  same  region^  The  most  important  non-linear  process,  from  the  point 
of  view  of  propagation,  is  most  easilv  >jnrierstood  bv  considerinq  the  theory  for  the  refractive  inde* 
a  radio  wave  in  a  plasma.  The  complex  refractive  index  has  real  and  imaqinarv  oarts 

n  ::  ,v)-ixCN^,\i>  J  ' 

which  both  depend  upon  the  electron  density  N^  and  on  the  cnllision  frequency  v  of  an  electron  wl^h 
neutral  molecules  and  ions,  fn  the  companion  lecture  we  discussed  how  the  elect romaqnet ic  enerqv 
carried  by  the  wave  is  lost  to  thermal  energy  in  the  plasma  through  the  collision  process.  The  colli¬ 
sion  freouency  v  is  proportional  to  thermal  energy,  that  is  to  the  temperature  of  the  qas,  and  thus 
absorption  of  a  radio  wave  leads  to  larger  collision  frequency,  which  in  turn  leads  to  greater  absorp¬ 
tion.  This  self-modulation  mav  distort  a  radio  signal,  and  may  be  important  for  signals  from  verv 
powerful  transmitters.  Cross  modulation  of  siqnals  in  the  ionosphere  was  first  reported  hv  Tellegen 
(  1933)  who  had  observed  that  a  transmission  from  Reromiinster  in  Switzerland  (6S0  kHz),  received  in  the 
Netherlands,  was  modulated  by  the  signal  from  the  powerful  radio  station  in  tuxembouro  [2^2  kHz',  The 
effect  is  often  called  the  Luvembojirg  effect,  and  has  been  shown  to  occur  mainlv  in  the  lower  ionosphere 
(F-  and  D-reqion)  when  the  collision  frequency  v  is  large.  The  degree  of  self-  or  cross-modulat inn 
depends  strongly  upon  transmitter  power  and  upon  freouencv,  and  may  be  of  the  order  of  1-10^  for  waves 
near  2  ^flz  and  transmitter  powers  of  10-100  kW.  (See  for  example  Davies  1969,  and  articles  in  40490  CP 
38  1974).  Self-modulation  may  render  an  increase  in  transmitter  power  sel fdefeat ing  because  it  introdu¬ 
ces  an  effective  transmission  loss  'Megill  196^). 

Non-linear  effects  in  the  ionosphere  have  been  studied  studied  extensively  hv  many  workers,  and 
the  reader  is  referred  to  4G4RD  CP  138  and  references  therein  for  further  information. 

3  PROPAGATION  PROBLFMS  ASSOCIATfO  WITH  GfOPHVSlCAJ.  DISTORHANCFS 

The  reflecting  and  absorbing  properties  of  the  ionosphere  often  show  deviations,  from  the  regular 
diurnal  and  seasonal  changes,  that  can  be  associated  with  geophysical  disturbances,  ^hese  disturbances 
fall  into  two  classes  i)  those  directly  associated  with  solar  flares  which  p^iect  energetic  radiation  m 
the  form  of  ultraviolet  radiation,  X-rays  and  particle  radiation  towards  the  earth,  and  ii)  those  ansn- 
ciated  with  changes  in  the  structure  and  circulation  of  the  earth's  neutral  atmosphere.  Disturbances  in 
the  first  class  are  best  understood,  and  their  causes  and  effects  have  been  studied  since  the  discoverv 
of  the  ionosphere.  The  possible  importance  of  the  second  class  of  disturbance  has  been  realized  onlv  in 
fairly  recent  years,  but  the  "weather"  systems  in  the  upper  atmosphere  and  their  relation  to  lower 
atmosphere  weather  and  climate  are  still  poorlv  mapped.  The  f^ysical  mechanisms  are  not  well 
understood. 

Geophysical  disturbances  and  their  effects  upon  the  propagation  medium  have  been  reviewed  hv 
Thrane  (1979)  and  by  Thrane  et  al  (1979),  and  in  this  lecture  only  a  verv  brief  review  of  the  Hf- 
propagation  problems  encountered  during  such  disturbances  will  he  given.  There  are  manv  wavs  of 
classifying  the  disturbances,  none  of  them  very  sat isfactorv.  Table  1  lists  some  disturbances  which 
have  important  propagation  effects. 

fntrv  a)  in  (he  table  represents  the  initial  effects  of  a  solar  flare  caused  bv  electromagnetic 
radiation.  Fntries  to  e'  repr  'sent  delaved  flare  effects,  due  to  energetic  particles  entering  the 
upper  atmosphere.  These  effects  are  all  part  of  the  very  compiot,  seouonrp  of  ;»henomef'a  called  a  magne¬ 
tic  storm,  fntries  f1  and  g1  are  disturbances  which  may  be  caused  by  particle  precipitation,  but 
together  with  entry  h)  thev  mav  also  belong  to  class  ii1  discussed  above,  thnt  is  thev  mav  he  triggereC 
by  changes  in  the  neutral  atmosphere. 

In  this  sect  inn  we  shall  deal  with  some  propagation  disttirhances  jn  middle  and  Inw  latitudes,  and 
discuss  high  latitude  problems  senaratelv  in  the  next  section. 

3.1  Sudden  Ionospheric  Disturbances  'SfD' 

4  sudden  burst  of  X-ravs  and  IIV  radiation  from  a  solar  flare  will  cause  increased  electron  i  ►  v 

in  the  lower  ionosphere,  and  "black-out”  cf  HF-rircuits  may  occur  over  the  entire  sunlit  hemisphprn,  I 
the  hlack-oiit  is  not  complete,  the  signal  mav  stjffer  sttdden  freouencv  shifts  and  phase  changes,  duf*  1 1-\  a 
sudden  lowering  of  the  reflection  point  in  the  ionosphere,  AJthougt*  the  disturbance  is  rKirmallv  sl-iort - 
lived  (-  I  hr)  it  may  cause  serious  disruption  of  traffic,  and  because  of  its  sudden  and  unexpected 
onset,  may  cause  the  operator  to  search  for  technical  faults  in  his  svstem. 

3.2  Magnetic  storms 

During  such  disturbances  currents  flowing  in  the  ionosphere  cause  changes  in  th^  earth's  magnet 
field.  In  our  context  the  most  important  mid-latitude  effect  of  a  magnetic  stnrm  is  the  decrease,  nf 
the  maximum  electron  density  Npfnf2  in  the  f-Iaver.  Such  decreases  lead,  of  course,  to  decrease  of  thp 
MliFs.  Storms  are  also  oft  'n  associated  with  absorption,  due  to  influx  of  precipitating  particles  at 
middle  and  high  latitudes.  Thp  absorption  enhancements  increase  the  LUFs,  and  the  result  is  a 
narrowing  of  the  frequency  range  available  over  an  affected  circuit.  Figure  11  shows  tvpical  changes  m 
N^r2  in  different  latitudinal  zones  (Matsushita  19^9),  Strong  and  erratic  time  variations  in  Milf  ran 
cause  major  communirat  ion  problems,  Roth  MllF  variations  and  storm  associated  absorption  ^see  entries  d 
and  r1  in  Table  1)  are  strongest  and  flxost  likelv  in  latitudes  above  409-90^, 
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5.?  Winter  anomaly  in  ionospheric  absorption 

At  mid/lJe  latito/ies  ionospheric  rarfio  wave  absorption  in  winter  doe**  not  follow  the 

simple  solar  zenith  anqle  dependence  to  he  expected  from  the  averaqed  summer  observations.  The  qeopra] 
background  of  winter  absorption  is  enhanced  relative  to  summer  values  at  the  same  solar  zenith  anolps, 
and  in  addition  days  or  groups  of  days  occur  in  winter  tirfien  HT-absorpt  ion  is  greatK  enhanced  aho\e  fhis 
background.  The  consequences  for  communicat ion  can  be  serious,  since  absorption  values  of  60  rtP  in 
excess  of  normal  may  occur  on  MF  and  HF-circuits.  Fioiire  12  shown  tvpiral  values  nf  absorption  durmo  ■« 
winter  period  (Srh«pntek,  I*??!  K  The  horizontal  scales  of  the  disturbed  regions  are  of  the  order  of 
1000  km,  and  the  magnitude  and  Frequency  of  absorption  events  increase  witfi  increasing  latitude.  ft  now 
seems  clear  that  the  large  and  variable  absorption  in  winter  mav  he  associated  with 
particle  precipitation  fSato  T^HO,  Manson  1981  and  Sato  1^811  and  that  there  also  exists  a 
•'meteorological  type"  winter  anomaly.  This  tvpe  is  associated  with  neutral  atmosphere  circulation  and 
planetary  waves,  which  through  creation  of  turbulent  transport  of  minor  constituents  'nitric  nxide,  SO', 
influences  the  ionization  balance  in  the  lower  ionosphere  fOffermann  1982'.  The  physical  models 
suggested  to  explain  the  "meteorological  type"  anomalv  are  still  crude,  but  may  point  the  wav  Towards  an 
understanding  of  the  propagation  effects  of  other  dvnamical  phenomena,  such  as  the  stratospheric 
warming.  Increases  nf  O-region  electron  densifites  of  a  factor  of  up  to  ID  have  been  observed  durirvg 
stratospheric  warmings.  'Relrose  1967,  Rowe  et  al  19691, 

A.  PRnPAnATinN  PROALFM^  high  lATITUDFS 

Disturbances  in  high  latitudes  merit  special  attention  becau  ,p  the  simplicitv  and  mobility 
communication  equipment  make  this  tvpe  of  communicat ion  particularly  useful  in  remote  areas,  and 
mobile  units.  This  section  will  discuss  the  most  important  high  latitude  disturbances  and  thpir 
upon  communi cat  ion  systems. 

A.1  Polar  rap  absorption  (PCA)  events 

After  certain  types  of  major  flares  the  polar  regions  are  illuminated  bv  hnjt^  energy  protons  arid 
alpha  particles  which  penetrate  into  the  lower  ionosfihere  and  cause  wide-spread  and  long-lasting  disrup¬ 
tions  of  MF-communicat ion  circuits.  As  seen  from  Table  1  such  disturbances  do  not  occur  often,  hut  thev 
may  last  for  periods  of  up  to  a  week  to  ten  days,  and  may  cover  the  entire  polar  caps  rinwn  to  latitudes 
of  about  60^.  The  absorption  mav  he  severe,  up  to  10-20  dR  at  '0  sflz  t'as  been  observed.  This  means 
that  HF  skywave  communicat ion  systems  in  the  polar  regions  mav  be  rendered  completely  useless  for  long 
periods  during  such  events.  This  fact  has  to  be  faced  both  hv  military  and  siviltan  users,  and  haeV-un 
systems  should  he  available  where  necessary.  Possible  back-up  systems  will  be  discussed  in  'iedinn  h. 

(i  .2  Auroral  absorption 

Auroral  phenomena  are  often  associated  with  radio  black-outs.  While  the  visual  aurora  itself  is 
caused  by  soft  electrons  (energies  1-10  keV)  the  enhanced  absorption  is  caused  bv  electrons  with 
energies  in  excess  of  10  keV  penetrating  into  the  D-re<)ion,  figure  11  shows  a  map  of  the  statistical 
occurence  rate  of  auroral  absorption  measured  bv  riometers  at  ID  ^flz.  Sote  that  the  absorption  is 
stronjient  in  the  auroral  zone  and  has  a  variation  in  magnetic  time  with  a  maximum  in  the  earlv  morning 
hours.  Table  2  indicates  the  ratio  between  the  obligue  path  ahsorptjon  for  a  signal  rropaoating  in  a  If 
mode  over  a  path  of  ASO  km,  and  the  riometer  absorption  at  ID  Htz. 
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Table  2  Approximate  relation  between  oblique  incidence  and  riometer  absorption 


We  note  that  auroral  absorption  may  have  severe  consequences  for  radio  circuits  crossing  the  aiiroral 
zone.  Strong  auroral  absorption  is,  however,  often  limited  oeonraphical 1 v  to  patches  of  a  few  hundred 
kilometers  in  extent,  and  the  duration  is  typically  1  '2  to  a  few  hours. 

A.1  The  high  latitude  F-  and  F-reqion 

The  morphologv  of  the  high  latitude  F-  and  F-reqion  has  been  reviewed  by  ‘^’unsurker  '1979',  Poth 
layers  are  characterized  by  great  variability  in  time  and  space.  Fiqurp  14  shows  an  example  nf  F-refiion 
electron  density  variations  during  an  auroral  event.  During  verv  brief  periods  the  F-laver  rntiral 
freguenev  is  up  to  IS  tfiz,  which  means  that  for  a  MilF  factor  of  S  Tsee  companion  lecture^  the  laver 
could  support  MilFs  of  more  than  70  ttiz.  That  the  mirnral  F-!aver  sometimes  can  support  VMF-prnpagat  mn 
is  supported  by  f igure  1^,  which  shows  maxirntzm  observed  frequencies  over  paths  from  rollege  Alaska  tn 
Greenland  and  Norway. 


1  he  ^-reqion  also  shows  horizontal  qradients,  of  particular  interest  is  the  f-r^qinn  trotjqh,  Nhirh 
IS  a  niqht  time  minimun’  in  the  variation  of  the  F-laver  critical  frequency  with  latitude.  the  t  rouqh 
marks  a  transition  between  the  mid-latitude  and  hiqh  latitude  ionosphere,  f  iqiire  1h  Besprn/vannava  et 
al  1979'  shows  the  variation  of  the  foF2  'normalized'  with  latitude  for  all  months  durinq  Sot  e 

the  "wall"  of  ionization  ocrurrinq  poleward  of  the  trouqh.  This  sharp  qradient  could  cause  reflect  inns 
of  radio  waves,  and  result  in  deviations  from  ppopaqat  mn  alnnq  the  qreat  circle  between  circuit  ter¬ 
minals. 

Bropaqatinn  in  the  auroral  reqions  mav  introduce  rapid  fadinq.  f inure  17  shows  examples  of  fadinq 
observed  on  an  auroral  and  a  mid-latitude  path. 

Note  that  the  ionospheric  models  used  for  lonq  term  prediction  purposes  do  not  properly  allow  tnr 
the  variability  in  time  and  space  of  the  hiqh  latitude  ionosphere.  The  data  base  is  certamlv  madp- 
ouate  for  detailed  modellinq,  and  much  more  work  is  needed  before  useful  models  can  t>e  tjeyelnoed. 

4.4  Some  results  of  Hf -t  ransmi  ssion  tests  at  hiqti  latitijdes 

It  mav  be  of  interest  to  demonstrate  some  of  the  charact erist ics  of  Ht -propaqat  ion  in  tsp 
disturbed  tiiqh  latitude  region,  bv  reporting  on  the  results  of  some  transmission  tests  made  over  two 
circuits  in  \orwav  Mhrane  1979' . 

I  he  purpose  of  the  tests  was  to  investigate  the  importance  of  frpni)pn<'v  flevihilitv  arvl  spare 
fliversitv  in  and  near  the  auroral  zone,  rig.ire  IB  shows  the  path  geometrv.  The  long  path  12hP  km 

nnrmalK  has  its  reflect  ion  (loint  well  south  (,f  the  auroral  zooe,  wfipreas  fhp  short  nat*'  4‘'‘'  km  i|ps 

inside  ttie  disturbed  reqinn.  A  simple  digital  test  sigoal  was  *raosmitte'^  on  ^’mjr  freouencies  2.‘  , 

^ .  h ,  B.1  and  1S  >41/:  over  tx)tt>  circuits  and  the  error  rate  of  the  received  sitinals  was  re-'r’rded  fr^r 

select  ert  times  of  rtav  and  season,  the  data  was  also  divided  into  (leriods  wjtn  ,«j 

auroral  zone  di st urliaf*re ,  as  measured  hv  a  riometer  in  the  atirnral  zone  see  figure  19  .  fnp  yeslilfn 
from  measurement  on  the  four  frequencieo  arxt  fiver  the  two  paths  were  mmhined  to  si'^ulate  di‘  tereni 
systems.  Thiis  comc»iitat  ions  were  made  for  five  rases  to  fif»d; 

a  the  reliahilitv  wtten  onlv  or>e  pat»i  and  i*ne  *re«iuencv  are  available  two  ('ascs,  lorig  an.^  -’.‘uir*  pa*  n  . 

h  The  •'pliability  wt*en  four  freguei'Cies  and  one  path  ar*'  available,  alwavs  using  the  hes*  ‘  rei,  jenj' > 

two  cases,  Jonej  af'd  shrtrt  patt)  . 

r  The  re  1 1  afu  1  i  t  V  wt'cn  two  i>at  t>s  and  four  *'reoueo«- 1  ep  are  available,  u«;in<]  t*u>  hes*  *'regui*ni- 1.  and  :>*>■!• 

pat  ti  at  anv  time.  T*HS  Sittjafjon  simi.-lafes  a  relav  system  lo  w^Mcti  a  me'-;sa<ie  mav  tie  t  rd”-'.'' 1  *  t  cd 
'rivp  B  tn  B  via  A.  Wf‘  t^ave  assumed  a  lO'**-  reliat'le  ^rnm  *  to  A  , 


lONO'lPHf  MIC 
niNonniNB 

Qlllf  ( 

MnOfRAff 

nfSTiiPHf  0 

qv'-iff  M 

r:n-n.T  iP- 

If  n.?,2  dP 

HI  '  2  dP 

siNfiir  TPtTjdfvrv 
sunpl  PATH  M.s  t4tz> 

755 

1^% 

f  ni)K  f  Rf  ui»  Nrif 

SHORI  PATH  (5.S 

7R5 

72% 

57% 

SINf.ir  TRIOIJFM'Y 

1  nNH  PATH  kHz) 

71% 

71% 

40% 

FOUR  FRtQUFNCIFS 

1  nsn  PATH 

8*)% 

S4% 

fniTR  rRrijbfNr/FS 

TWO  PATHS 

90% 

89% 

f.2% 
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Table  ^  summarizes  the  results.  We  note  that,  particularly  durinq  disturbed  conditions,  a 
substantial  improvement  in  circuit  reliability  may  he  achieved  bv  means  of  frequenrv  flevihilitv  and 
relaying,  (that  is  space  diversitvl. 

Monthly  means  of  the  measurements  have  also  been  compared  with  monthly  mean  reliabilities  pre¬ 
dicted  by  three  different  prediction  models,  4pplab  111  (Bradley  197*^.'',  lONPAP  t  Invd  ef  al  19fiT'  and 
Rludeclf  (rriR  1978>  (see  also  companion  lecture',  figure  19  shows  the  results  fnr  the  two  paths  during 


summer  r>oon  conditions.  There  are  considerable  differences  between  measurement  and  prediction,  as  well 
as  between  the  different  predicion  methods.  There  is  a  qreat  need  ^or  more  and  more  accurate  measure¬ 
ments  to  provide  a  basis  for  improvements  of  the  prediction  methods. 

S.  SHORT  TERM  rORlTASrr\C  TFCHNIfJUFS 

Predictions  for  periods  equal  to  or  less  than  the  solar  rotation  period,  2^  davs,  are  called  fore¬ 
casts,  Disturbances  in  pmqress  are  described  hv  warnings.  4  number  of  centers  fbroi/qbout  the  wor^d 
issue  warnings  and  short  term  forecasts  of  solar  and  ionospheric  parameters  Davies  1R7R'.  Twelve  of 
these  are  grouped  into  the  International  Ursigram  and  Vforl.l  Oavs  Service  for  the  exchange  of 

data  and  cooperation  in  solar  geophysical  observations.  In  the  1ISA  the  most  important  forecasting  cen¬ 
ters  are  US  Air  Force  Global  Weather  Central  im  Dmaha  and  NOAA  Spare  Fnvironment  Forecast  Center  in 
Boulder.  The  USSR  also  issues  short  time  forecasts  (Avdvushin  et  ai  1R79',  The  forecasts  normally  give 
Qualitative  statements  on  the  degree  of  disturbance  expected,  for  example  ’’moderate  HF  absorption"  or 
"general  improvement  of  MT  propagation  conditions".  Forecasts  for  the  degree  of  VLf  phase  disturbance 
are  often  issued  for  PCA's;  predictions  for  SID's  have  onlv  recently  been  attempted  experiment  all v 
'Swanson  4  Levine,  private  communication).  Improvements  in  recent  years  in  ionospheric  forecasting  are 
due  mainly  to  more  efficient  data  acquisition  and  assessment.  Examples  are  the  real  time  propagation 
assessment  systems  "Prophet"  and  the  real  time  navigation  monitor  developed  bv  the  US  Vaval  Ocean  System 
Center  tRothmuller,  1970^,  TSwanson  4  Levine,  private  communicat ion' . 

One  interesting  possibility  for  short  term  forecasting  is  to  update  a  simple  standard  frequency 
prediction  program  at  intervals  by  means  of  some  effective  index  of  solar  activity  (such  as  the  10.7  pm 
solar  radio  noise  flux)  which  can  be  monitored  and  distributed  to  the  user,  llffelman  and  Harnisch 
■'Vaval  Research  laboratory,  private  communication)  have  found  that  an  update  about  every  three  hours 
during  a  magnetic  storm  was  sufficient  to  keep  the  error  in  the  predicted  MUF  less  than  t 

One  of  the  important  questions  concerning  warnings  and  short  term  forecasts  is  the  timelv  distri¬ 
bution  of  information  to  the  user  in  a  form  that  he  can  readilv  use.  Even  priority  telex  messages  mav 
take  2h  hrs  to  reach  the  user.  A  xnrking  group  on  D-reqion  prediction  'Thrane  et  al  19791  has  recom¬ 
mended  the  development  of  telemetry  for  dissemination  of  disturbance  information  to  users.  Even  one  bit 
to  indicate  the  presence  or  abs  ence  of  a  disturbance  would  be  useful.  Two  methods  were  proposed  as 
worth  considering:  a  unique,  non-interfering  modulation  could  be  added  to  world  wide  Dmeqa  signals,  nr 
to  HF-signals  from  WWV  or  elsewhere  to  indicate  the  presence  of  an  event.  The  former  has  the  advantage 
that  the  Dmeqa  signal  (10  kH?)  is  continuously  available  on  a  global  basis,  even  coring  total  ME - 
blackout . 

h.  tfTHQOS  FOR  MINIMIZING  HF-PROPAGAT  IflN  PRQBl  FMS 

From  the  above  discussions  it  should  be  clear  that  propagation  problems  ai  '*►  cannot  he  elimi¬ 
nated,  but  may  be  alleviated  by  proper  system  design  and  by  the  itevelopment  of  suitable  Torecast  o>id 
warning  systems.  We  have  pointed  out  the  useftjlness  of  freguencv  flexihilitv  and  path  diversity  tor 
avoiding  problems  during  disturbances.  Dne  of  the  difficult  problems  facing  an  HE -operator  is  inter¬ 
ference  from  other  users  of  the  HF  band.  Real  time  channel  evaluation  is  a  powerful  tool  both  for 
avoiding  such  interferenceand  for  adapting  to  ranidlv  changing  in..osoheric  conditions. 

Tt  should  be  stressed  that  the  ionospheric  channel  is  not  always  available.  Durino  strong  natjral 
disturbances  such  as  PGA’s  or  after  nuclear  explosions  in  the  upper  atmosphere,  complete  HF-blackout  mav 
occur  for  long  periods  and  over  wide  areas.  Wherever  high  reliability  is  reouired,  bark-up  systems  to 
HF-communicat ion  are  necessary.  The  difficulty  is  to  design  back-up  systems  that  have  the  simplicity, 
mobility  and  low  costs  of  HF-systems.  Transmission  of  VHf-siqnals  via  meteor  trails  is  an  interesting 
possibility  in  this  connection.  Ionized  trails  from  meteors  occur  in  the  height  range  R0-12Q  km  and 
radio  signals  scattered  from  the  trails  mav  be  observed  over  distances  of  200  -  2000  km.  The  meteor 
trails  provide  large  bandwidth,  short  duration  channels,  which  can  be  exploited  using  windern  modulation 
techniques.  Simple  vagi  antennas  suffice  for  this  type  of  circuit. 
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ABSTRACT 


Recent  adavances  in  microprocessor  technology,  in  frequency-agile  HF  equipment  and  iii  the  understand¬ 
ing  of  the  propagation  tnedium  make  it  feasible  and  practical  the  ad.'ptioo  of  adaptivitv  approaches  in  HF 
conmunications .  Signa  l-to-Noise  ratio,  multipath  spread  and  Doppler  spread  are  the  basic  parameters  to 
which  the  link  has  to  adapt  Itself,  A  necessary  prerequisite  for  adaptivity  is  Real  Time  Channel  Evalu¬ 
ation  (RTCE).  Measurements  of  these  parameters  must  be  performed  at  several  spot  frequencies  in  the  band 
of  interest,  in  order  to  identify  automatically  the  most  suitable  carriers  for  the  transmission  -f  the 
information.  RTCE  i.s  at  present  in  the  R6f)  phase,  and  the  related  activities  emphasize  the  measurement  of 
signal  amplitude  and  noise  levels  (inclusive  of  interference)  at  several  frequencies  in  specific  HF  paths 
of  interest,  with  a  few  instances  of  inclusion  of  multipath  spread  measurement.  There  is  little  doubt  that 
at  the  end  of  the  R&D  phase.  RTCE  and  link  adaptivitv  will  enter  the  practice  of  modernized  HF  communi¬ 
cations  . 


A.  INTRODUCTION,  RATIONALE  FOR  RTCE  MEASUREMENTS.  AND  PRINCIPLES  OF  SOUNTING/PROBTNG 

1.  General 

propagation  paths  are  time-s.nread  and  frequency-spread  channels,  and  are  characterized  by  severe 
variability  iti  the  time  domain  of  all  their  properties,  inclusive  of  path  losses.  In  addition,  even  when 
path  conditions  would  be  acceptable,  the  link  might  be  severely  interfered  uith  by  other  transml t t ers . 

Improvements  over  present-day  link's  performance  in  terms  of  circuit  re  I  ial>i  I  i  ty .  data  rate  and  error 
rate  can  be  achieved  through  the  use  of  adaptive-  schemes  capable  of  coping  with  the  channel  variahilitv. 

Real-time,  oblique  ionospheric  sounding  between  the  two  terminals  of  the  link,  noise  and  interference 
measurements  at  the  receiving  end,  and  channel  probi''4  simultaneously  perfv’rmed  between  the  two  link’s 
terminals  are  Che  data  gathering  operations  that  prv'’vide  Che  inputs  on  which  to  base  the  adaptive  toncro] 
of  the  link's  performance  parameters. 

The  master  station  of  the  link,  where  the  sounding  transmitter  is  located,  could  perferm  a  Skiunding 
scan  similar  to  the  one  made  by  an  Ionospheric  oblique  sounder  of  the  normal  practice,  and  c.'uld  also 
getierate  the  waveform  for  channel  probing  (  while  operating  as  a  complete  terminal  fv'r  t«o-way  digital 
c  oirniun  teat  ions) ,  During  the  pauses  of  the  emissions,  measurements  of  noise  and  Interference  l  'u  K1  be  per¬ 
formed  at  both  the  master  and  the  slave  station  of  the  link,  for  use  by  de«.  is  ion-making  mic  roprocessors 
and  control  units.  At  each  terminal,  the  transmitting  and  the  receiving  facility  could  have  separate  unit® 
for  s. Minding/probing  and  for  coninunlcatlng.  or  these  functions  could  he  performed  bv  the  same  equipment  in 
different  m^xles  of  operation.  In  the  latter  case,  the  equipment  at  the  two  terminals  could  he  identical 
and  the  assignment  of  the  master  and  of  the  slave  roles  would  be  dictated  bv  operational  requirements. 

By  processing  the  data  obtained  bv  sounding  and  probing,  it  would  be  possible  to  select  aut omat ita 1 Iv 
the  group  of  frequencies  to  be  used  ft)r  ctTmmunlcat ing.  At  each  sounding  cvcle.  information  about  the  fre¬ 
quency  selection  and  about  the  waveform  to  be  emploved  is  exchanged  between  terminals  and  is  used  I  't.allv 
to  achieve  adaptivity.  During  the  next  sounding  scan,  the  group  of  frequencies  that  were  selected  fv’r 
communicating  could  be  excluded  from  the  sounding  frequency  plan.  Instead,  informat  i-'n  n  the  changing 
status  of  the  group  of  coninunlcatlng  frequencies  c.ould  be  obtained  from  measurements  performed  on  the  cod¬ 
ed  waveform  that  Is  part  of  the  communications  bit  stream  (  Gupta  and  Crossi.iqSO  ;  l‘*8I  [2j  ). 

The  properties  of  the  path  that  must  be  roonit«'red  in  real  time  are  ; 

1.  Noise  and  interference  spectral  density 

2.  (Signal  Noise >  level 

3.  Multipath  spread 

4.  Doppler  spread. 

It  would  be  useful  Co  know  accurately  the  time  variability  ,and  related  statistics,  of  these  properties 
Unfortunately,  this  information  is  available  only  for  particular  cases,  and  a  reliable  experimental  invest! 
gation  on  the  properties  above  Is  thus  far  an  unfulfilled  requirement.  In  general,  we  can  say  that  these 
ionospheric  channels  exhibit  time  fadings  that  are  important  in  determining  the  design  of  the  signal  and. 
in  addition,  show  long-term  variations  due  to  large-scale  fluctuations  of  the  medium.  Such  s ' ow  effects 
have  a  time  constant  significantly  greater  than  5  to  10  minutes,  an  Interval  of  time  that  appears  appropri¬ 
ate  as  the  basic  soundlng/problng  perldloclty.  Adaptive  approaches  to  the  comnunlcat Ion  problem  are  requir¬ 
ed  to  circumvent  this  long-eem  variability  in  propagation  conditions. 

In  this  lecture,  we  will  make  the  usual  distinction  between  path  sounding  and  channel  probing,  with  the 
former  devoted  to  the  measurement  of  path  losses  and  of  noise  and  Interference  levels,  and  with  the  latter 


dev^'ted  to  the  measuretnent  of  such  paraneters  as  multipath  spread  and  Doppler  spread.  The  following  cri¬ 
teria  were  adopted: 

1.  The  link  is  assumed  reciprocal,  except  for  the  noise  and  the  interference  levels 
at  each  terminal.  Therefore,  the  decision  on  the  frequencies  to  be  used  (  this 
decision  is  based  on  the  results  of  the  sounding  operation)  is  based  on  the  measure 
ment  of  interference  and  noise  both  at  the  master  and  at  the  slave  station,  and  on 
the  One-way  measurement  of  the  path  losses  between  the  two; 

2.  Processing  of  the  multipath  spread  and  of  the  Doppler  spread  data  (  provided  bv  the 
channel  probing  operation)  is  performed  at  the  slave  station,  and  the  results  are 
transmitted  back  to  the  master  station,  for  use  in  the  final  selection  of  the  fre¬ 
quencies  to  be  used  in  comunlcat  ing; 

3.  Channel  probing  is  to  be  undertaken  only  at  the  best  frequencies  put  in  eviden.ce  by 
the  patli  sounding,  in  order  to  shorten  the  overall  operation  sounding/probing. 

It  was  assumed  by  Gupta  and  Grossl  (  1980  Ql]  ;  1981  )  that  a  very  large  number  of  spot  frequencies 

was  available  to  the  adaptive  link:  1125  or  3375  carriers,  respectively  for  a  mid-latitude  and  for  a  irans- 
auroral  path,  in  the  band  3  to  30  MHz.  These  authors  advocated  a  tightly  integrated  sound ing/probing/comnuni 
cations  scheme,  in  which  a  set  of  frequencies  was  simultaneously  transmitted  to  achieve  waveform  diversity. 
The  power  density  (Watt/Hz)  at  each  frequency  was  low  enough  to  be  received  below  noise  by  standard  HF  re¬ 
ceivers,  as  long  they  were  located  outside  a  circle  with  about  100  Km  radius,  centered  at  the  link's  trans¬ 
mitting  terminal.  Only  those  receivers  that  were  coherently  processing  the  waveform  containing  the  infor¬ 
mation  to  be  exchanged  between  the  two  terminals  were  able  to  detect  the  waveform  above  noise.  The  sound¬ 
ing  scan  proposed  by  these  authors  was  lasting  100  tv'  160  seconds,  and  was  repeated  every  300  to  w80  seconds. 

More  recently,  Aarons  and  Orossi  (1982.  [ij  >  have  propv-'sed  an  approach  that  reduces  substantially  tl\e 
number  of  spot  frequencies  at  which  the  sounding  is  performed.  They  p>>inted  out  that  achieving  Cv'r.pletc 
adaptivity  to  the  path  is  impractical:  coo  many  spot  frequencies  are  needed.  Although,  in  principle,  a 
frequency-spread  waveform  is  the  way  to  go.  there  are  practical  limits  to  this  spread.  If  adaptivity,  then, 
cannot  be  extended  beyond  certain  constraints,  wo  cann.'t  dispose  ot  the  continuing  need  f 'r  i  .'n.''spher  i< 
forecasting  on  Che  path,  and  of  the  need  of  warnings  about  magnetic  storrs  and  solar  prot 'ii  activitv.  A 
hybrid  approach,  where  the  traditional  forecasting  and  warning  funct  'ns  are  kept  intact,  and  wlu're  the 
system  Is  made  partially  adaptive  (within  practically  acceptable  limits),  represents  an  advisable  appr.*ach 
toward  improvement  and  mixlernizat Ion  of  HF  technology  and  systems. 

Aarons  and  Grossl  advocated  that  forecasting  shoold  continue  t.>  coexist  with  adapt  i  v  1 1  v .  i  n  'rdcr  t 
provide  a  first-cut  ident  i  f  icat  ion  of  the  frequency  windows  that  are  available  f-'r  use  in  the  channel,  as 
a  function  of  geographic  and  geomagnetic  coordinates,  time  of  the  day.  sunspot  number,  etc.  F.'rei  as  t  In.g 
should  aiCually  he  extended  In  scope,  tv'  include  the  pred  ic  t  ii':-.  v'f  the  time-spread  a-'d  .'f  ih.e  freque  ’v  y 
.spread  v'f  the  path.  Concerning  the  ionospheric  warning  function,  we  should  expect  tliat  the  use  v-f  Svlar- 
magtietii  se?isors  will  als.'  be  continued  These  sensors  make  it  possible  to  have  -erning  lead  times  chat 
range  frvwn  a  few  minutes  to  several  h<'ors.  sufficient  therefore  to  adjust  sy.stein  operation  t.'  tlic  urth 
coming  c  'nditiv'os  v'f  the  path.  Farly  knowledge  of  PCA  events,  .'f  magnetic  storms  and  of  similar  phe’-v'mena  , 
will  be  a  prerequisite  fc'r  -the  •.•ffective  perfv'rmance  of  an  adaptive  system,  ('hv'ue  and  am'unt  .'f  path 
diversity,  amv’unt  v'f  data  rate,  extent  of  use  of  error-correction  senemes.  oti  .  are  all  fu-’it:.>ne  that  ca' 
be  optimized  by  the  s imultaneous  use  .»f  forecast/warning  and  partial  adaplivitv. 

As  in  any  adaptive  approach  that  involves  real  time  data  gathering  to  ad  ;ust  the  parameters  -'t  a  '  elei.Lr_ 
system  to  the  propagation  medium,  the  preferable  way  is  tv*  adapt  ,  first  ..■'f  all,  the  svsterr  tv‘>  tlu- 
be.st  a-priori  model  v'f  the  medium,  in  .'ur  case,  tv-  the  m-'del  v'f  the  HF  ionospheric  path.  Getierally.  this 
model  is  a  software  subroutine  stored  in  the  memv»ry  of  tlie  cnic rv'prv.»cessvjr  that  is  used  in  the  logit  utv.ts 
of  the  system.  This  model  is  periodically  m*KJified  and  ad  tusted  to  reflect  the  in.s  t  ruc  1 1  ons  of  the  fv're* 
casting  and  warning  operational  functions.  It  is  then  updated  and  brv'ught  in  cK'.*;**  agreement  w:th  the  aviual 
path  conditions  by  means  <’f  real  time  observai  iv'ns  per‘‘.'nned  by  the  t  ommun  i  t  at  i  v-ns  li  ik  itself  f'n.e  appr-ath 
v'f  this  kind  has  been  already  succesfully  iraplemei.ted  in  correcting  for  ionospher  U  -  s  nduced  erfv'rs  in  high- 
performance  radars  (Katz  et  al..  1978  ^4'  ).  Figure  l(  taken  from  Aarons  and  Gtv'ssi.  1982  )  gives  the 

block  diagram  of  principle  of  this  HF  ccminunicat  ions  approach.  The  cv'mbinat  i>n  of  mean -irv''de  I  plus  real-i.me 
updating  should  be  taken  in  serious  cons  iderat  ioti ,  when  designing  ne>t-ge;ierat  iv'n  HF  c  virmni:' i  v  at  i  .'n  s  li-ks 

In  order  to  help  visualizing  real-time  sounding  and  probing,  we  illustrate  in  the  following  Secii  '-s 
(  2  and  3  )  the  scheme  that  was  conceived  by  Gupta  and  Grossi  (  1980  [ij  ;  and  1981  J_2j  ). 


2.  Path  S.'unding 

Path  sounding  has  the  scope  of  measuring  path  losses  at  an  adequate  number  v.'f  sp.'t  frc-quen  les  i-  the 
band  of  interest  (  3  MHz  tv»  30  MHz)  and  of  measuring  at  the  same  time  noise  and  i  nter  fera  ic  e  levels,  at  t.'ie 
same  frequencies  and  at  both  ends  of  the  link. 

Table  I  gives  the  parameters  of  the  'ounding  scan  prcipv'sed  by  Gupta  and  Grossi  (1980  '  )  The  masur 

station  radiates  sequentially  1125  to  3750  carriers  to  cover  the  3  to  in  mhz  band,  in  a  time  interval  I'H) 
to  160  seconds  long  (  88  to  47  milliseconds  per  carrier).  Of  the  two  values  given  abv've  f.  r  each  s.'undirig 

parameter,  the  first  applies  to  a  mid-latitude  path,  the  second  to  a  transaur'tal  path.  The  scan  is  repeat¬ 

ed  every  5  tv)  8  minutes. 

Once  that  a  set  of  frequencies  has  been  chosen  for  t  oimun  ic  at  I  ng .  it  is  automatically  excluded  from,  next 
si‘'unding  cycle.  However,  information  on  th.*  channel  status  fv'r  each  one  of  the  frequencies  excluded  from 
sounding  and  probing  Is  still  updated  «nce  every  5  to  8  minutes  by  measurements  performed  -)n  the  tvJtnoiuni- 
cations  waveform.  Frequency  switching  is  prc..<*odud  by  a  "tone"  of  nv)t  i  f  icat  i  on  and  takes  place  even  while 

ccrnsnunic  at  ions  go  on,  for  the  case  in  which  the  channel  deteriorates  and  aiu>ther  set  v>f  frequencies  is  found 
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TABLE  I  -  Sounding’  bean  Pararieters 


Mid  *  lat  i  l<:de  Pat!i 


Tr.i  ’.saiir.  ra  I  Patii 


Band  i  'ver  .-d 

Number  .’i  spot  treouencies 
Separat  j.<n  between  tw.' 
ad  latent  spx>t  ire- 
quene ie  s 

Sounding  scan  time 
Rate  of  sounding  scan 
re  pet  it  it'n 

Dwelling  time  per  spot 
frequency 

Nominal  bandwidth  of 
sound ing  receiver 
Width  of  sounding  pulse 
Pulse  repetition  frequency 
Poises  per  dwelling  cime 
Nx)lse  and  interference 

measurement '  s  integrat  it'n 
time,  for  each  spot  fre¬ 
quency 

Overall  noise  and  Inter¬ 
ference  measurement  time 


MH/  t.'  10  yi;.-’ 
1 1:> 


24  KHz 
100  seconds 

-’no  every  jOO 
seconds 

SB  mi  1 1  isec i>nds 
24  KHz 

41.5  microseconds 
100  pps 
8  pulses 


53  milliseconds 
60  seconds 


‘.Jo 

8  Kiiz'*' 
l60  seconds 

one  every  480 
s  e  c  o  nd  s 

4  7  milliseconds 
8  KHz 

125  microseconds 
100  pps 
4  pulses 


4  7  ml  I Itsec  ends 
160  seconds 


(*)  Thl.s  value  is  chi'sen  because  ft  KHz  is  the  bandwidth  of  the  signal  waveform 
seletCed  for  the  Cransauroral  link.  The  path  coherent  bandwidth  is  only 
666  Hz. 


(from  Gupta  and  tlcossi,  1980, ) 


The  sequence  of  steps  through  which  st'unding  and  probing  are  perfc'fmed  is  as  follows; 
For  the  mtdlatltude  link 


Step  I 
Step  2 

Step  J 

.Step  4 
Step  5 

Step  6 


100  seconds  devoted  to  sounding  operation. 

6(>  seconds  devoted  to  measurement  of  noise 
and  Interference  at  hot!)  terminals  of  the 
link. 

20  seconds  devoted  to  ct^putat ions ,  taking 
into  account  the  need  of  accumulating  at  a 
single  terminal  (the  slave  station)  the  Ir- 
formation  pertaining  noise  and  interference 
at  both  terminals.  During  this  step,  the  ml 
croprocessor  at  the  slave  station  selects 
the  frequenclea  and  designates  them  to  the 
master  station, 

100  seconds  devoted  to  channel  probing,  to 
be  performed  only  at  the  frequencies  deslgnat 
ed  by  step  3. 

20  seconds  devoted  to  computations,  acknow¬ 
ledgement  and  information  exchange  between 
the  two  terminals.  In  order  to  perform  the 
final  selection  of  frequencies  to  be  used  in 
coosnunlcatlons^by  taking  into  account  the 
data  on  multipath  spread  and  Doppler  spread. 

The  two  terminals  are  now  ready  to  Initiate 
omminlcatlons.  The  frequencies  finally  adop^ 
ed  for  coinnunlcatlons  are  excluded  from  next 
sound Ing/problng  cycle  (one  every  300  seconds), 
although  they  continue  to  be  monitored  by  mea 
surements  on  the  modulation  waveform. 


For  Che  cransauroral  link 


Step  1  -  160  seconds 
Step  2  -  160  seconds 
Step  3-20  seconds 
Step  4  -  120  seconds 


Step  5-20  seconds 

Step  6  -  The  two  terminals  are  now  ready  to  initiate 
communications.  The  sounding/probing  cycle 
Is  repeated  every  8  minutes  (4*80  seconds). 

CocinunLcat  ions  are  therefore  inhibited  only  In  the  first  300  (  or  480)  seconds  'f  link  operation.  After 
this  initial  adaptive  adjustments  of  the  link's  terminals,  any  readjustment  is  performed  without  requiring 
a  discontinuation  of  comnunicatlons. 

3.  Channel  Probing 

The  importance  of  time-dispersive  and  frequency-dispersive  effects  In  HF  propagation  has  been  amply 
treated  in  the  literature.  These  efferTT'are  determining  factors  in  the  conceptual  design  of  an  adaptive 
system.  Channel  probing  is  aimed  at  gathering  Information  on  these  effects,  after  the  path  sounding  has 
determined  path  losses  and  noise  (  plus  interference)  levels  at  the  available  spectral  lines,  and  has  l- 
dentified  the  frequencies  promising  enough  to  be  worthy  of  the  channel  probing  effort.  All  these  functions 
are  slowly  varying  functions,  so  that  one  sample  every  5  to  8  minutes  is  adequate.  The  maesuremen.t  of  multl^ 
path  spread  and  Doppler  spread  can  he  achieved  with  a  variety  of  methods,  either  based  on  the  direct  measure 
ment  of  these  two  quantities  or  on  indirect  measurements  such  as  the  ones  based  on  the  fact  that,  at  a  given 
frequency,  the  reclpr.xal  of  the  Doppler  spread  gives  the  fading  period  of  the  arriving  e.m.  wave,  or  that 
the  reciprocal  of  the  multipath  spread,  at  a  given  instant  of  time,  gives  the  frequency  Interval  within 
which  carriers  fade  coherently.  Because  the  amount  of  time  required  to  process  the  information  'n  the  dis¬ 
persive  properties  of  each  channel  is  not  trivial,  these  measurements  should  be  performed  only  for  those 
frequencies  for  which  path  sounding  has  indicated  acceptable  path  losses  and  affordable  noise  and  inter¬ 
ference  levels.  Therefore  channel  probing  has  to  follow,  in  time,  the  sounding  operation. 

Ideally,  channel  proMng  should  provide  a  reliable  estimate  of  all  the  parameters  of  the  path  that 
are  indicated  in  Figure  i,  4,  and  5.  These  are  the  quantities  B^,  Bj ,  and  the  function  S(  ;  ,  .  1,  call 
od  the  path's  scattering  function.  In  actual  practice.  It  is  sufficient  to  simplify  the  scattering  function 
t  ■  a  gr 'Up  .'f  S  gaussolds,  with  B  *0.  =0,  and  to  reduce  therefore  the  function  to  the  one  shown  in  ^ross- 

se^ t i  'n  in  Figure  n  and  7.  An  intuitive  picture  of  the  scattering  function  can  be  obtained  as  follows.  Sup* 
p  se  that  the  path  is  such  that  a  pulse  of  infinitesimal  length  is  transmitted  unaffected  and  that  a 
spectral  line  of  great  purity  .also,  Is  not  br.'adened.  We  can  say  in  this  case  that  the  scattering  tunctlon 
f  the  path  is 

S( ■  .  )  »  ■  t  )  M  > 

In  other  words,  the  scattering  function  is  the  pr^xlutt  of  two  delta  functions.  This  is  a  highly  Idealised 
^asc.  In  real  propagation,  an  inf inttesimally  short  pulse,  and  a  spectral  line  of  Inflniresimal  width,  are 
actually  broadened,  respectively  In  the  time  and  tn  the  frequency  domain.  This  causes  the  scattering  func - 
li  'M  t'  have  a  finite  width  both  along  the  frequency  axis  and  the  time  axis.  Figure  8,  taken  from  (Ireen  ( 
lHn8),  is  useful  in  visualizing  the  relationship  between  scattering  function  and  other  well  known  channel 
functions,  such  as  Impulse  response,  etc. 

C’ing  back  to  Figures  n  and  7,  the  analytical  expression  for  the  scattering  function  becomes: 


Tn  this  formula,  the  parameter  N  represents  the  number  of  paths  in  the  structure,  ^  and  are  the  mean 
delay  and  the  multipath  spread,  B  Is  the  Doppler  spread  of  the  path,  and  P.  represents  the  relative  strength 
of  the  I  path.  Further  simplifications  can  be  achieved  by  representing  t^e  scattering  function  as  a  single 
gaussoid,  whose  amplitude  Is  a  function  of  the  path  losses  and  whose  width  L  and  B  ^  (Figure  5)  are  res¬ 
pectively  the  total  time  .spread  and  the  total  Doppler  spread. 

The  measurement  of  the  properties  of  a  comnunlcatlon  channel  Is  particularly  important  In  digital  comu 
nications,  because  high-speed  data  transmission  critically  depends  upon  them.  Kallath(  1959, )  pointed 
out  that  the  problem  of  the  measurement  of  the  system  functions  In  random,  time-variant,  channels  might  be 
unsolvable.  This  author  Introduced  a  parameter  called  the  "spread  factor"  as  the  measurability  criterion. 

If  the  product  of  the  tnaxlmum  Doppler  spread  and  of  the  maxipum  multipath  spread  Is  larger  than  unity,  and 
If  no  other  Information  is  available  on  the  channel,  the  channel  parameters  cannot  be  measured  accurately. 
Fortunately,  for  Ionospheric  HF  paths,  the  spread  factor  Is  less  than  unity,  so  that  standard  measurement 
technlquej,  as  the  ones  described  here  below,  are  applicable.  Bello  and  Esp  site  (  1970, f7j/  have  analyz¬ 
ed  these  measurement  techniques  for  random,  time-variant ,  dispersive  channels,  and  they  list  them  in  three 
levels  of  increasing  complexity: 

1.  Measurement  of  multipath  spread  and  Doppler  spread; 
of  Doppler  shift  and  spectral  skewness; 

2.  Measurement  of  second-order  channel  functions; 

3.  Maesurement  of  Instantaneous  channel  functions. 

Fv>r  the  parameters  in  item  1  above,  measurement  techniques  used  are  based  upon  differentiation,  level 
crossing  and  correlation.  For  item  2  above,  the  techniques  used  are  correlation  techniques,  muitltone  apprv>ach 
pulse  pair  method  anti  chirp  technique.  For  the  measurement  of  the  parameter>  In  item  3,  the  methods  used  are  ^ 
the  cross  correlation,  the  multitone  approach  and  the  pulse  pair  technique. 


(^upta  and  Grv’ssi  (198<>,Q^  )  give  an  acc.^’unt  of  tne  nethvxls  usable  in  pr^'bLng  the  channel  and  illu  tra 
te  possible  hardware  implementations.  They  review  the  measurement  of  Doppler  spectrum  parameters,  the 
simultaneous  measurement  of  Doppler  spread  and  multipath  spread,  the  determination  of  the  insta-.tane  ms 
impulse  response,  as  well  as  the  measurement  of  time-variant  channel  functions  and  of  channel  c  rrelat:.';: 
functions.  In  this  lecture,  we  concentrate  on  the  meth.His  for  measuring  the  multipath  spread  and  tlic  L'--;'pl«'r 
spread,  that  are  the  two  channel  parameters  characterized  by  the  highest  priority. 


«.  TECHNIQI-ES  FOR  RtAL-TIVa-.  t  iiANNTI.  EVALl'ATION-  (  RTCE'l 
1.  Introductory  remarks 


Measurement  of  Signal  intensity  and  of  noise  levels  (inclusive  of  interference),  together  ^ith  the 
determination  .'f  multipath  spread  and  of  Doppler  spread  are  the  baste  objectives  of  STCE  functions.  These 
quantities  are  fundamental  prerequisites  to  achieve  link’s  adaptivity.  Of  the  three  parameters,  tet  h.r.iques 
for  the  measurement  of  signal  and  noise  are  well  known  and  already  part  of  HE  communications  practice.  aV 
will  briefly  review  them  In  the  suramary  at  the  end  of  this  Section.  Our  attention  will  focus  or,  the  more 


difficult  task,  and  on  the 
anu  lJ.:)ppU'r  spread.  We  have 
plete  .s<.  atterir.g  function, 
'M  ^  aiid  the  Doppler  p^'wer 


less  known  related  approache.s,  concerning  the  measurement  of  multipath  spread 
already  indicated,  earlier  in  this  lecture,  that  instead  of  measuring  the  com¬ 


ic  is  sufficient,  and 
density  spectrum  P  ( 


obviously  simpler,  to  measure  the  delav  power  speitrum 
)  (  Bello.  1963  [aj;  1965  [y]  ) . 


..  Multipath  spread  rteasuremenc 

A  signal  wavef  rm  that  a.npears  an  'hvious  choice  for  estimating  the  Delay  Power  Spectrum  (  ■)  is  a 
sli  re  pulse  'f  time  durati^n  .  narrow  in  width  when  c-'npared  with  the  ..haracteristic  variation,!:  in  »  1 . 

(.:"!’,>icler  the  signal 

z<t)  =  p(t) 

.  0  ,  Itl’-  /2 

p(t )  =  ' 

M'ls- 


g  (  t,  \  )  •  0  ,  for  •:  «?•  ^  and  for  f 

min 

then,  the  wanted  delay  spread  is  given  by  *:  —  ’njin  ’ 

Q  (t)  wilt  be  a  filtered  version  of  the  true  function.  If  sufficient  averaging  is  carried  out.  The  measure¬ 
ment  resolution  is  determined  by  the  signal  properties,  so  that  the  pulse  width  must  be  narrower  than  the  mode 
widths  of  Q  C  * ) ,  to  give  an  adequate  eatlmate.  However,  even  In  the  best  possible  conditions,  the  noise 
contribution  to  the  estimate  of  the  variance  la  significant.  This  conclusion  applies  directly  to  the  measure¬ 
ment  of  the  peaks  of  Q  (  ,  and  some  allowance  must  be  made  for  tha  accurate  tseasureaent  of  the  low-level 

details  of  Q  (  K  ).  Therefore,  the  single  pulse  approach  appears  to  be  unadvlsable,  because  of  its  require¬ 
ment  of  high  Slgnal-to-Nolse  ratios. 

An  alternative  estimation  acheme  can  be  utilized,  if  there  is  the  posslblUty  of  carrying  out  coherent 
processing  at  the  receiving  terminal.  Let  z<t)  be  a  pseudo-random  sequence  of  period  T,  which  is  used  to  mo¬ 
dulate  the  carrier  (  bit  length  equal  to  ).  When  the  sequence  is  periodic,  it  can  be  assumed  to  have  the 


following  property  : 


f  (  n  T  ) 


g  (  nT 


) 


2 


Thus,  any  spectral  Information  obtained  from  thli  sequence  of  outputs  will  relate  to  the  shape  of  the 
scattering  function  for  this  particular  delaytJ  .  If  the  Slgnal/Noise  data  are  used,  the  complete  spectriim 


1  2 

)  ■■ 

A  w(nT^)  A 

8  (  "T...  ■ 

)  dt 

Because  of  the  inherently  higher  Signal-to-Nolse  ratio,  it  appears  that  the  latter  sequence  offers  the  test 
alternative  for  spectrum  analysis.  In  addition,  the  total  scan  time  T  required  to  prohe  all  .i'.annels  once, 
is  significantly  less  than  for  the  wideband  coded  sequence,  thus  providing  higher  sampling  rate  and  lower 
danger  of  aliasing  effects. 

Before  discussing  spectral  measurement  schemes  usable  in  our  case,  it  should  he  noted  that  the  phase  in¬ 
stability  of  the  oscillators  used  at  each  terminal,  if  not  kept  under  acceptable  levels,  imposes  the  use  of 
an  Incoherent  Doppler  measurement  approach.  If  phase  coherence  can  be  assumed  for  the  link,  then  the  in- 
phase  and  quadrature  components  generated  at  each  T  seconds  could  be  used  to  obtain  the  spectral  properties 
directly, 

Concerning  then  the  estimate  of  the  Envelope  Correlation  Function,  we  note  that  for  a  complex  Gaussian 
process,  the  envelope  correlation  function  is  closely  related  to  the  process  correlation  function.  If  f(t) 
is  complex  Gaussian,  and 


f  (O  ^  f(u)  ^ 


Rj  (0)  +  (  t  -  u  )  ^. 


Thus,  If  the  average  power  is  already  known,  an  estimate  of 
tlcn  function  for  If  (t){*.  If  we  let  Rifi^  (e  **  u  )  to  be 


follows  frv>m  an  estimate  of  the  correla- 


*  I  2  2 

If  we  let  (t  **  u  )  to  be  the  estimate  of  £(  t  )j  f  (  u  1  ,  then  we 


j  <t  -  u  )j  -  (  t  -  u  )  -  Rf  (0). 

Note  that  ,  without  imposing  further  constraints,  the  estimate  may  be  negative,  particularly  for  insufficient 
averaging. 

Concerning  the  implementation  of  this  scheme,  the  sequence  f  (nT^)  is  first  divided  Into  bK^ks,  the 
length  of  which  determines  the  resolution  of  the  spectral  estimate.  For  example,  a  Doppler  resolution  of 
0,2  Hz  requires  5  seconds  of  data.  Each  block  of  data,  5  seconds  long.  Is  used  to  provide  a  single  estimate 
of  Rf  ( 'fe' )  1  ♦  ot  It*  Fourier  transform.  Thus,  in  this  example,  12  Individual  estimates  are  performed  and 
averaged  in  60  seconds.  The  sequence  of  samples  in  each  block  can  he  used  to  find  either  the  correlation 
function  or  the  spectrum,  directly.  If  a  spectral  analysis  of  the  samples  is  performed,  the  form  of  tbe 
equation  above  suggests  that  the  resulting  spectrum  will  contain  an  Impulsive  term  at  the  origin,  ad  gene 
rally  have  a  width  of  about  twice  the  width  of  the  spectrum  of  f(t).  Note  that  the  sampling  rate  l/T^ 
must  be  consistent  with  the  maximum  Doppler  spread  expected.  In  order  to  avoid  aliasing  effects. 

Several  techniques  for  real-time  estimation  of  spectrum  parameters  are  illustrated  by  Bello  (  1965. [9]). 
These  techniques  make  it  possible  to  perform  the  measureoient  of  the  center  frequency  and  of  the  rms  band¬ 
width  of  a  narcow-band  process.  The  center  frequency  Is  the  centroid  of  the  power  spectrum  of  the  process, 
while  the  rms  bandwidth  Is  twice  the  radius  of  the  power  spectrum.  The  same  technique  may  be  applied  to 
ff  so  that  the  width  and  the  location  of  the  spectrum  may  be  determined.  We  briefly  suirfieirlze 

here  under  the  measurement  technique  and  the  effect  of  additive  nolae  for  a  complex  low-pass  process  g  (t). 
The  results  will  then  be  specialized  to  the  real  envelope  process.  Let 


g(c)  -  X  (t)  +  )  y  (t) 


with  the  triangular  brackets  denoting  time  averages.  Friwn  lh»  analytical  conclusions  of  Bello  (  1905,  ^ 9|  1 

we  can  readily  see  that  the  centroid  of  the  power  spectrum  of  g  (t)  is  given  by  : 


1  <5<>  -  y*> 


/»s(  >  d 
js  (  .)  d 


where  S  (v)  Is  the  spectrum  of  g(t).  The 

I  f 


ndwldth  is  given  by  ; 


<* 

<*'  +  y'> 


—  C  -  2 


(.  -C  )  S  (  .  }  d 

f  S  (  .  )  d. 


The  influence  of  noise  Is  readily  taken  Into  account  by  noting  that  Che  complex  additive  noise  N(t)  is 
a  complex  Gaussian  process  like  g(C),  so  Chat  the  measuremenc  will  produce  the  centroid  and  Che  rms  band¬ 
width  of  Che  power  spectrum  of  g(t)  +  N  (t),  namely: 


J  [S(  .  )  -  P,  (  .,  )J  d  .. 

//  (  .  -  C)^  [}(,,)  t  ?^(.  )] 

/  /[s  (  .  )  +  P.,  (  .  )J  d  , 


where  P,.(  .  )  is  the  power  spectrum  of  N  (t).  The  in-phase  and  quadrature  components  (  x  ,  y  )  can  be 

determined  by  multiplying  the  received  carrier  by  both  a  U>cal  carrier  and  a  90*^  shifted  local  carrier  at 
the  same  frequency,  and  then  extracting  the  low-fre<5uency  components  .  Strictly  speaking,  D  Is  Independent 
of  mean  Doppler  shift,  and  thus  precise  knowledge  of  the  received  carrier  frequency  is  not  necessary.  How¬ 
ever,  as  the  liKal  carrier  frequency  departs  fr-jm  the  received  carrier  frequency,  the  extracted  x(t)  and 
y  (t)  increase  in  bandwidth,  thus  requiring  filters  with  larger  bandwidth,  that  let  more  noise  pass  through. 
Thus,  from  the  point  of  view  of  maximizing  the  Slgnal-to-Nolse  ratio,  it  is  desirable  to  keep  the  local 
carrier  fre.,uency  as  near  as  possible  to  the  received  signal  frequency. 

We  consider  now  a  simpler  technique  for  the  measurement  of  Doppler  spread.  It  uses  or^Vy  t**<e  envelope 

'r,  more  generally,  any  well-behaved  non-linear  function  of  the  envelope  of  the  received  carrier.  For  this 

technique  to  be  strictly  correct.  It  Is  necessary  to  assume  that  the  transmission  of  a  carrier  results  in 

the  reception  of  a  narrow-hand  Gaussian  prvKess.  However,  a  slight  departure  from  this  condition  would  not 

affect  significantly  the  measured  parameter.  It  was  demonstrated  by  Bello  f  1965,  [.9]  ),  that,  if  e(t)  is 


some  non-linear  function  of  the  envelope 


of  the  received  carrier,  the  rms  Doppler  spread  is  given 


<  C«  (t)]^ 

<C«  (t02> 


where  i  is  a  constant  dependent  upon  the  propeette*  of  the  non-llneax  device  used.  Thus,  if  we  describe 
this  non-linear  device  by  the  function  k  (,),  we  have  : 


k  (  x‘  +  y  ) 


and  It  Is  shown  by  Bello  (1965,  ^9^  )  that 


.t>0 

^  jo  ^k(r)/d^^  dr 


/ 

In  the  case  of  a  linear  envelope  detector,  j  •  If  \  2  and  for  a  square-law  detector,  »  «  I,  The  formation 
of  the  derivatives  of  the  envelope  from  sampled  data  requires  part  Icular  care  (  Bello,  1965, ^9j  ), 

U.  Sunsnary  and  recapitulation  of  channel  evaluation  techniques 
a)  Measurement  of  Signal  and  Noise 

This  can  be  best  be  achieved  by  using  an  ”off-on’‘  keyed  signal,  with  the  noise  measurement  preced 
ing  the  signal  measurement  at  any  given  frequency-  'Choosing  for  the  noise  measurement  integration  time  the 
values  indicated  in  Table  I,  the  estimation  of o ^  can  be  performed  with  adequate  accuracy.  The  signal  level 
also  must  be  measured  by  averaging  a  sequence  rt  observations.  Table  I  gives  two  examples  of  pulse  widths 
pulse  repetition  frequencies,  and  overall  time  required  for  both  tlgnal  and  noise  determination.  The  measure 
ment  accuracy  for  signal  level  estlmacion  Is  limited  by  the  channel  fluctuations,  l.e.  : 

A 

Var  (  A  ) 


where  N  is  the  number  of  independent  observations  available  in  one  sounding  scan  tito^sf  Let's  take  the 
case  of  the  midlatitude  path  in  Table  l)repetiti-'n  period,  which  is  300  seconds.  Because  the  fading  rate 
is  l/B-^^  ,  we  have  ■  300  B  ,  If  B  ■  1  He,  we  have  that  ■  300,  The  noise  level  estimate 

ha.  a  taho  .tot 

-''*1  -  —i-  .  7.86  10-‘ 


again  ,  by  taking  the  numbers  in  the  colunm  of  Table  I  devoted  to  mld-latltude  path  (  S3  mllllsec  x  24  fOiz  ) 


b)  Measurement  of  Doppler  spectrum  characteristics 


The  accuracy  achievable  In  these  meaaurenents  strictly  depends  on  the  dwelling  tiine  on  each  freqoency 
at  which  channel  probing  is  performed.  If  we  want,  for  eaxctple,  a  Doppler  spectrum  resolution  of  0.33  Hz, 
we  require  an  observing  time,  per  frequency  ,  of  3  seconds.  In  the  example  that  we  gave  ininedlately  after 
Table  1,  In  page  9-3,  we  chose  100  seconds  as  the  time  devoted  to  channel  probing  (  Step  4).  By  assuming 
that  Doppler  measurements  are  performed  in  a  non*interference  basis  with  the  other  measurements,  only  33 
carriers  can  be  measured  In  the  allotted  time  interval.  We  can  see  therefore  that  determination  of  Doppler 
spread  is  very  demanding  In  terms  of  length  of  observations. 

c)  Measurement  of  delay  power  spectrum 
Two  types  of  signals  can  be  considered: 


1.  Single  pulse 

JO  ,  otherwise 
.1  >  0  «  t  «  ■- 


2  .  C^xied  sequence  (  phase  reversal  keying) 
p(  t  -  k  ■  ) 


where 

a  ®  I 
k 

N  =  2'"  -  1 

T  •  N  *  =  total  duration 


The  ccxied  sequence  gives  the  same  performance  as  a  single 
pulse  for  equal  energy;  l.e..  If  Pj  ■  P^  T  (  neglecting 
degradation  due  to  sidelobe  structure  of  sequence  autocorre* 
lation  function). 


Concerning  the  measurement  of  Q  (  ^  )  In  absence  of  noise,  the  basic  limitation  in  accuracy  achiev 
able  Is  the  number  of  Independent  channel's  "snapshots'*  (  Impulse  responses)  that  can  be  obtained  In  one 
scanning  cycle  : 

standard  dev.  (  ^  (  '~  )  )  =  ^ 

mean  (  ^-  ) 

*  eq 

In  presence  of  additive  noise,  performance  depends  upon  the  shape  of  the  true  Q  (  )  being  measured.  Let's 

consider  an  idealized  function  consisting  of  M  equal  rectangular  modes; 

;  during  mode  (  ts  the  duration  of  each  mode) 


;  elsevAere 


Then,  at  the  mode  centers,  Q  (  •'  )  can  be  estimated  with  the  formula; 

A 

standard  dev.  (  Q  (  O  )  ^  ^  +  _ >  n 

mean  ("^  (  -:)  )  E  Q  (  r) 


I 


I  0 


where 


noise  variance  in  the  receiver  bmidwldth 


E  ■  equivalent  pulse  energy 

A  single  pulse  will  not  give  adequate  performance.  When  a  sequence  of  length  2^^-  1  Is  used,  estimation  of 
Q  (  '. )  will  be  limited  by  channel  fluctuations  rather  than  noise.  Because  of  the  large  number  of  frequencies 
being  probed,  the  overall  (noise-limited)  performance  is  degraded. 


C.  CONCLUSIONS 


Adaptive  HF  approaches  can  be  kept  limited  In  scope  and  made  to  respond  only  •‘.o  the  variations  of  a 
■  elecced  channel  parantar,  such  a,  Slgnal-to-Nolae  ratio.  At  the  other  extrer  they  can  be  deaigned  te 
all  encompassing  and  capabla  to  raspond  to  all  relevant  channel  functions,  such  as  SNR,  multipath  spread. 


):-jo 


Doppler  spread,  etc.  We  have  seen  In  this  Lecture  pertinent  examples.  The  RTCE  data  gathering  must  parallel 
in  scope  the  adaptivity  scheme  that  it  is  meant  ta  serve.  Far  instance.  If  data  rate  is  ad  lusted  .mlv  to 
SNR,  the  RTCE  must  be  kept  very  simple  and  must  be  reduced  to  the  sole  measurement  of  the  signal  intei'.sitv 
and  to  the  level  of  the  noise  (  inclusive  of  interference). 

In  this  lecture  we  have  given  examples  of  adaptivity  schemes. and  of  related  RTCE  approaches.  that 
tended  toward  the  complicated  side  (see,  for  Instance,  the  scheme  depicted  in  Figure  2),  This  was  done 
because  learning  of  a  complex  solution  makes  it  easier  to  viavalixe  the  simpler  ones.  There  is  little 
question,  in  fact,  chat  the  simpler  solutions  will  enter  the  HF  connunicat ions  practice  first,  and  that 
several  years  will  pass  before  we  see  in  operation  a  system  Such  as  the  one  depleted  in  Figure  2.  Even 
the  RCkD  activity  presently  underway  on  adaptivity  schemes  and  related  RTCE  techniques,  is  almost  e\c  lusj^ 
vely  limited  to  the  investigation  of  link's  adaptivity  to  SNR.  However,  there  is  little  question  that 
the  demand  for  high  data  rates,  and  the  quest  for  better  HF  link’s  performance  (  to  bring  this  chai'.nel 
up  to  the  quality  of  competitive  approaches)wi  i  t  prv»vide  enough  motivation  to  implement  in  practice  present 
day  designs  of  adaptive  links,  chat  will  necessarily  include  RTCE  features.  AH  these  improvements  will 
enter  the  practice  gradually,  with  adaptivity  to  multipath  spread  and  Doppler  spread  coming  last.  When  they 
will  be  in  place,  the  era  of  truly  tr.vxiernized  HF  contnunuat  ions  will  have  c.^me. 
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Fig  1 0  Block  diagram  of  receiver 


I  ig.  12  Block  diagram  «l  i  and  Q  demodulators 
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Fig.  13  Block  diagram  of  PRN  generator  and  shift  registers 
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ABSTRACT 

The  development  and  evolution  of  channel  evaluation  Lc«.'hn:  is  ioscriijo.’. 

A  recently  developed  fully  automatic  HF  radio  *:*^lephone  system  is  discussed  whicn 
automatically  selects  the  suitable  channel  and  also  provides  a  telephone  int-r- 
connect.  Also  described  is  a  HF  message  terminal  which  automatically  rtquests, 
repeats  and  confirms  message  status  for  sender  and  receiver. 

1.  INTRODUCTION 

In  the  early  1960's,  real  time  channel  evaluation  (RTCE)  systems  were  first 
used  to  improve  the  performance  of  operational  HF  radio  systems  (Jull  ct  al,  1962; 
Stevens,  1968).  These  systems  were  rather  rudimentary  as  far  as  todays  technology 
is  concerned.  The  channel  evaluation  was  done  by  equipment  separate  and  indepen¬ 
dent  of  the  communication  transmitter  and  receiver.  The  RTCF  equipment  switched  to 
each  assigned  frequency  channel,  measured  the  s Ignal- to-noi se  or  interference 
ratio  and  recorded  the  usuablc  channels  on  a  paper  chart  recorder.  The  radio  oper¬ 
ator  selected  the  channel  for  communications  by  examining  a  history  of  the  perfor¬ 
mance  of  all  channels  over  a  specified  period  of  time.  Since  the  1960’s,  the  RTCF 
systems  have  become  more  sophisticated  and  an  integral  part  of  the  comm.unication 
transmitter  receiver  equipment.  Micrprocossors  arc  now  used  to  control  the  equip¬ 
ment  operation  and  measure  the  parameters  necessary  for  an  adaptive  system  to 
operate  effectively.  With  the  microprocessor,  additional  features  can  be  addcl, 
such  as  a  calling  system  in  which  a  base  station  can  call  a  specific  mobile  ter¬ 
minal  or  a  number  of  mobile  terminals  automatically.  Various  types  of  RTCE  systems 
with  different  degrees  of  complexity  are  operational  today.  A  recently  developed 
HF  radiotelephone  system  with  automatic  channel  evaluation  features  is  described 
in  Section  2  and  an  HF  message  terminal  that  can  be  added  to  any  type  of  system 
is  described  in  Section  3. 

2.  RACE 

A  system  named  RACE  (Radio  Telephone  with  Automatic  Channel  Evaluation)  was 
developed  to  Improve  the  quality  of  telephone  services  provided  by  HF  radio  to 
remote  areas  (Chow  and  McLarnon  1982),  This  system  not  only  evaluates  the  perform¬ 
ance  of  each  channel  but  also  eliminates  the  requirement  for  an  telephone  operator. 
The  RACE  system  consists  of  one  Master  and  a  number  of  Remote  terminals.  Each  of 
these  terminals  consist  of  the  following  throe  subsystems  as  shown  in  Fig.  2. 

a)  Contoller  Interface  Unit  (CIU): 

The  controller  Interface  is  essentially  a  microprocessor  which  provides 

-  an  interface  to  the  telephone  system; 

-  transmission  and  reception  of  dialled  digits  and  supervisory 
data  over  the  HF  network; 

-  channel  evaluation  and  selection; 

-  control  of  the  HF  transmitter  receiver  system. 

b)  HF  Transmitter  Receiver  System; 

This  system  consists  of  a  conventional  single  side  band  transceiver  with 
capability  of  a  channel  being  selected  remotely  by  means  of  a  digital 
signal  from  the  CIU.  Broadband  antennas  are  used  to  facilitate  rapid 
switching  of  the  channels. 

c)  Syncompex  Unit; 

This  unit  is  a  speech  processor  using  digital  techniques  (Chow  and 
McLarnon  1981)  which  improves  the  performance  of  the  channel  when 
the  signal-to-noisc  or  interference  is  low  and  provides  a  marginal 
service,  Incorpoated  into  this  unit  are  75  bps  dual  diversity  FSK 
modems  which  also  provide  the  data  link  for  establishing  a  call  to 
a  subscriber. 

In  the  RACE  system  the  channel  evaluation  is  done  by  transmitting  data 
on  available  channels  during  the  idle  periods  when  the  system  is  not  occupied  by 
radio  telephone  calls.  Each  Master  station  transmits  a  burst  of  FSK  data,  called 
an  idle  message,  on  each  channel  in  turn,  and  all  Remote  stations  synchronize 
themselves  to  the  Master  station  and  evaluate  the  received  data  by  assessing  the 
error  bit  rate.  If  no  idle  message  is  received,  the  Remote  station  automat ical ly 
steps  to  the  next  frequency  channel  maintaining  local  short  term  synchronization. 
The  evaluation  time  is  two  seconds  pe”  channel. 


when  d  call  originates  fror.  a  Master  station  the  idle  message  is  replaced 
by  a  call  message  directed  to  a  specific  Remote  station.  If  the  Remote  station 
receives  the  call  without  error,  it  sends  a  message  to  the  Master  station.  If  an 
error  free  call  message  is  not  received,  the  sequence  will  be  repeated  on  the  next 
frequency.  When  the  Master  station  receives  a  reply  to  its  call,  it  also  analyses 
the  quality  of  the  message  to  determine  its  agreement  with  the  selected  frequency. 
If  it  agrees,  it  sends  as  acknowledgement  message  or  “handshake"  to  the  Remote 
stat'on.  After  the  “handshake**,  the  Master  sends  a  message  to  th  Remote  to  ring 
the  called  subscriber.  The  Remote  checks  the  status  of  the  line  and  if  free  rings 
the  subscriber.  When  the  subscriber  answers,  a  call  connect  message  is  sent  to  the 
Master  which  switches  the  call  to  the  HR  link.  The  average  time  taken  to  establish 
a  call  is  6  seconds  with  a  maximum  time  for  a  eight  channel  system  of  16  seconds. 
The  steps  taken  by  the  system  t*j  establish  a  call  from  the  Remote  to  the  Master  is 
similar  to  that  just  described  from  the  Master  to  the  Remote. 

For  a  call  between  Ronoto  stations.  Remote  A  sends  information  to  the  Master 
on  an  idle  frequency  fl  requesting  a  call  to  a  subscriber  at  Remote  B.  The  Master 
passes  control  of  the  HF  network  to  Remote  A  which  sends  a  call  request  on  anoth¬ 
er  frequency  f2  to  Remote  B.  If  the  frequency  is  acceptable.  Remote  B  sends  a 
reply  and  Remote  A  checks  the  reply  and  if  acceptable  sends  an  acknowledgement. 
Remote  A  then  contacts  the  Master  on  fl  and  indicates  the  call  will  be  made  on 
another  frequency  f2.  The  Master  acknowledges  message  and  returns  to  idle  condition 
on  frequency  on  f2.  Remotes  A  and  B  establish  the  call  over  the  HF  link  and  return 
to  the  idle  condition  when  the  call  is  completed,  on  the  first  clear  idle  message 
received  by  Remote  A  an  "end  of  call”  message  will  be  sent  to  the  Master  who  will 
check  the  message  and  if  acceptable  send  an  acknowledgement . 

The  data  channel  is  in  continuous  use  while  the  system  is  in  operation  and 
its  performance  is  critical  to  the  reliable  operation  of  the  system.  The  data 
channel  uses  a  75  bps  modem  employing  binary  FSK  (85  Hz)  shift  with  in  band  freq¬ 
uency  diversity  using  1105  Hz  and  2125  Hz.  The  reliability  of  the  channel  is  en¬ 
hanced  by  the  use  of  error  detection  coding  and  "stop  anJ  wait”  ARO  protocol.  The 
data  channel  serves  the  following  functions  which  occur  sequentially  and  are 
exclusive: 

-  Network  synchronization  and  sounding 

-  Call  set  up 

-  Syncompex  control 

-  Call  termination. 

Details  on  the  message  format  for  the  data  channel  are  described  by  Derbyshire 
(1982).  The  data  is  organized  into  eight  bit  units  with  a  minimum  messaqo  length 
of  48  bits. 

The  real  time  channel  evaluation  involves  the  Master  station  transmitting 
a  48  bit  idle  messaqo  on  each  frequency  every  2  seconds  and  each  Remote  station 
receiving  and  evaluating  this  message  and  keeping  statistics  on  the  channel  qual¬ 
ity.  The  evaluation  uses  real  and  pseudo  errors  detected  on  the  incoming  idle 
message.  Real  errors  are  accumulated  over  approximately  four  minutes  with  a 
weighting  factor  assigned  to  each  measurement  so  as  to  follow  rapidly  changing 
channel  conditions.  When  the  system  is  busy,  a  four  minute  time  period  is  not 
of  sufficient  length  to  evaluate  real  errors.  Under  these  conditions,  an  eval¬ 
uation  technique  was  selected  based  upon  “psuedo  error'*  analysis  of  the  incoming 
data  (Gooding,  1968) .  Pseudo  error  counts  are  found  to  be  a  suitable  measure  of 
channal  quality.  An  algorithm  is  also  incorporated  in  RACE  to  select  the  best 
channel  for  HF  communications. 

Field  trials  conducted  in  1980  and  1981  for  Master  to  Remote  station  dist¬ 
ances  of  65,  270,  490,  and  965  kms  confirmed  the  superiority  of  the  dual  diversity 
FSK  over  the  single  channel  FSK  for  evaluating  the  best  channel  for  voice  commun¬ 
ications.  The  single  channel  FSK  selected  channels  with  the  smallest  multipath 
spreads  which  were  not  necessary  those  with  the  best  signal-to-noise  ratio.  The 
call  completion  rate  during  the  tost  periods  was  estimated  to  be  greater  than 
98Susjng  a  low  power  transmitter  of  100  watts  and  simple  non-directional  broad 
band  antennas.  The  availability  of  two  and  throe  channels  for  communicat ions  are 
as  follows 

two  channel  availability  96% 

three  channel  availability  861 

These  data  on  channel  availability  indicate  the  RACE  system  can  support  several 
simultaneous  calls  from  a  Master  station.  Even  though  the  RACE  system  docs  not 
take  into  account  non-reciprocity  in  propagation  or  different  noise  and  inter¬ 
ference  levels  at  both  ends  of  the  circuit,  it  did  not  appear  to  be  a  major 
limitation  in  the  performance  of  the  system. 
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3.  [IF  MESSAGE  TERMINAL 

A  message  terminal  was  developed  at  the  Communications  Research  Centre  in 
Ottawa,  Canada  to  increase  the  capabilities  of  existing  IIF  radio  systems  by  permit¬ 
ting  the  transmission  of  text  messages.  The  message  terminal  can  be  connected  directly 
to  an  existing  system  with  a  600  ohm  input/output  ports.  Coding  and  modulation  tech¬ 
niques  are  incorporated  in  the  HF  data  protocol  to  enable  data  conmunicat ions  when 
propagation  conditions  do  not  permit  intelligible  voice  transmissions. 

The  system  consists  of  a  portable  terminal  with  an  alphanumeric  keyboard,  a 
hard  copy  printer  and  a  single  line  display.  The  user  types  in  a  messaae  on  the 
keyboard  which  appears  on  the  terminal  display  panel.  The  outgoing  messages  have 
a  1280  character  buffer  memory  which  hold  the  prepared  text  prior  to  transmission. 

The  message  can  be  corrected,  updated  or  sent  immediately.  A  typical  mcssace,  about 
four  linos  in  length,  can  be  transmitted  and  confirmed  cn  both  sender  and  receiver 
terminals  in  40  seconds.  The  destination  terminal  receives  the  incomin:  messaqe 
with  out  ooprator  assistance.  The  outgoing  and  incoming  messages  are  p-rinted  by 
a  small  hard  copy  printer  in  a  80  character  by  10  lino  page  format  with  a  one  inch 
gap  between  pages. 

The  terminal  has  a  75  bps  dual  channel  FSK  modem.  The  modem  is  inpemcnted 
with  a  microprocessor  and  free  from  drift,  aging  and  docs  not  require  high  preci¬ 
sion  components.  The  modem  uses  frequency  diversity  for  reliable  operation  of  the 
device  during  selective  fading  periods.  The  data  transmission  occupies  300  Hz  of 
the  voice  channel  enabling  more  than  one  network  to  be  operational  in  a  3kHz  band¬ 
width. 

The  following  types  of  calls  are  possible  with  the  message  terminal; 

a)  Selective  Call;  Each  terminal  can  call  any  other  terminal  on  the  same 
network,  with  ARQ  protocol.  This  mode  is  very  reliable  for  error  frt'c 
messages . 

Broadcast  Call ;  All  terminals  rocoanize  the  global  address  but  do  not 
answer  the  call.  The  message  is  transmitted  several  tines  and  the  ter¬ 
minals  accept  correct  parts  of  the  message.  This  mode  is  not  as  reKable 
as  the  selective  typo  of  call. 

c)  Privacy  Call;  When  this  option  is  selected,  the  terminal  asks  for  the 
password  which  is  used  to  start  data  randomization  operation.  The 
destination  terminal  upon  receipt  of  this  typf?  of  message  only  displays 
the  calling  stations  call  sign  and  "ENTER  PASSWORD”.  The  incorrect  entry 
of  the  password  lots  the  operator  try  throe  times  and  then  erases  the  com¬ 
plete  message.  The  correct  entry  of  the  password  performs  inverse  of  the 
randomization  operation  and  printing  of  the  nossaqo. 

The  terminal  has  a  RS-232  port  for  external  equipment  connection  of  the 
following  equipment ; 

a)  CRT  and  printer 

b)  Telephone  lino  or  short  haul  modem  for  remote  control 

c)  Mass  storage  facilities 

The  message  terminal  increases  the  capabilities  of  existing  HF  radio  systems 
to  transmit  short  text  messages.  The  terminal  can  be  connected  easily  to  most 
conventional  HF  systems.  Modulation  and  coding  are  built  into  the  data  link  protocol 
to  allow  data  communications  under  conditions  that  do  not  permit  intelligible  voice 
communications.  The  terminals  allow  for  unattended  reception  of  messages  and  option¬ 
al  communications  privacy. 


REFERENCES 


Chow  S.M.,  and  McLarnon  B.D.,  "  Syncompos-a  Voice  Processing  System  for  Low  Cost 
HF  Radio  Telephony",  Telecommunications  Conference  Proceedings,  Honolulu,  1981. 

Chow  S.M.,  and  McLarnon  B.D.,  Real  Time  Channel  Evaluation  in  an  Automatic  HF 
Radiotelephone  System",  HF  Communication  stems  and  Techniques  Conference,  London 
1982. 

Derbyshire  E.W.,  "An  Automatic  Fully  Interconnected  HF  Radio  Telephone  System" 
Canadian  Marconi  Company  Brochure,  Montreal  1982. 

Jull  G.W.,  Doyle  D.J.,  Irvine  G.W.,  and  Murray  J.P.,  "Frequency  Sounding  Tech¬ 
niques  for  HF  Communications  over  an  Auroral  Zone  Path",  Proc  IRE  50,1962. 

Gooding  D.J.,  "Performance  monitor  Techniques  for  Digital  Receivers  Based  on 
Extrapolation  of  Error  Rate",  IEEE  Trans  Communication  Technology  COM  16, June  1968. 

Stevens  E.E.,  "The  CHEC  Sounding  System"  Ionospheric  Radio  Communications:  Ed.K. 
Folksted,  Plenum  Press,  New  York, 1968. 


134 


ACKNOWLEDGEMENTS 

I  wish  to  thank  S.M,  Chow  of  the  Communications  Research  Centre  for  providing 
unpublished  material  on  RACE  and  the  HF  Message  Terminal. 


UJ 

o 

< 

fiC 


s 

0 

>1 

(0 

o 


4) 

C 

V 

c 


e 

o 


0 

e 

« 

oe 


MODERN  HF  COMMUNICATIONS 


This  Bibliography  with  Abstracts  has  been  prepared  to  support  AOARD 
Lecture  Series  No. 1 27  by  the  Scientific  and  Technical  Informalion  Branch 
of  the  US  National  Aeronautics  and  Space  Administration.  Washington. 
DC.,  in  consultation  with  the  Lecture  Series  director.  Dr  J. Aarons,  of 
Boston  University,  Boston,  Massachusetts,  USA, 


I 


u. 


n  ; 

5  (  ' 

n 


Zs  C  « 

i/>  —  c  r  1 

^  0  4.  0 

T.  ■  , 


a  c  o  >  0 


“  f5 

10  u 

X  - 

o 


•3  >  »0  O  - 


t-  r 
-  o 
c 


1 

t 

c-  r 


r  I'  n  T3  c  - 


c  : 

:  -  r  I 
c  o  • 


■'  C  -■  a  o  "3 

3  o  fl  ::  c.  Q 

-  .  i  U  'll  <c 


"i  A  r  t  - 

•  •  •  Cl  r 

t;  ;  -  V  >  10 

c  f  c  -  t  »n 

I  r:  '  i-*  L  O'  ■  /  -T 

-  V  Q  I.  f  'J 

-  —  d)  o  i  < 

I  i  •%■  «o  C  t  :.  ♦-  fv 

O  'd  i.  •  c-' 

r  •  c  t 

-  O'  a 

.  -T  t  r  c 

•«.  x:  c  o 

-  oJ  0  -  o  «  o 

X  '  -  c- 

Cl  iO  j  o 

.  ^  ^  ^ 


•-  < 
«j  *a 
£  a 

o 

u 

X 


C  <  3 

-  —  O  -3 

•—  o 


*,  Z  w  1-1 

-  L  <  i.  <. 

c  a»  £ 

o  ?  ~  •  o 

-  Cl  C. 

a-' 


o  (  u  a  *1  X  (.1 


1  -  r  a  o  !. 

!  3  c  E.  X 

•-  r  c/  tfl 

O'  ^  ^ 

-  -  c 

T3  C  ir  3  o 

■.-  *  -  4  C 


y.  o 

-  0  ' 


-  ^  -  T 

-  o  'll  -  IM 

••  ■  c  £  -r 

A-  A-  :7  < 

ICC*  t-  CM 

'  <  -  r-j  L  3  c: 


CD 


jC  r 

o* 

c  c 


c-  c  X  •  :. 

O’.  i/>  s  c  .'■■ 

c  >  *  -. 

“  u  •  u.  ;r  — 

I'  o  z  X 

u  <1  o  X 

H.  —  *1  o 

•  a,  —  C3  -• 

-»  c  C'  <  C. 

►-  i.O-'S- 

D  Ta  <  o  * 


.  C  -  -  C  C  o  '  . 

;  >  O  co  o  —  V 

'  C  C  I-*  i3  • 

:  c  u  c.  c  0“  • 

.  o  nj  .  3  3  U  <0  • 

—  .  tTi  C  •'  -  - 

•  01  c  r-  41  i''  c 

*  v  o  3  -  r  • 

—  0?  ?■">», 

-  4*  i: 

0  a  <-  >  Cl 

-  C  'A-  A-  C  « 

'  £  •  -  ••  O 

:  O  Cc  CM  —  -  I 

'  C?  -•  L 


J  Q  CO 
t  /—TO 
c  C  —  >  •  . 

Cl  T  O  £  O 

Q  C  <  cn  O 

C  t- 

J  0*  *'  fN 

C  O  1.  X 

•T  i/l  C  T 


4-  C  -  •*• 

/'  £  O'  >  - 

r  -  c  -v  X 


01  •- 

O' 

u  - 


r  O' 

s.'-  y 

-  .  o 

o  ^ 

-  4  £ 

O  £  >•  U 

10  -  0  o 


i  c.  — 

Ki  J 
L  ^ 
J’  L. 


u  - 

6  c- 


-  c, n 
■ —  a  c 

C  O  -  E  - 

-V  V*'  •  O  — 


-I  O 

Z  C  != 

o  *1  - 


O  C 
A>  C* 
rt  *J  < 

c  o 

■;  ♦-  'j  o  a 

*:  c  o  c 

«  10  J  3  c 

/  .  ?  o 

0  T  1  >  O  £ 


o 

£ 


C.  £  ■ 
u,  fO  H 
I 


O  ' 


C  *1 


9r  ? 

—  4p  0 
:■  ♦ 

>  o 

41  </l  ^ 

O  _  £ 


-  0  O 
>  4>  C 

c  r  - 

n  -  i 

f  >  0 

-  y 


•A  IC  4,  (A  4,i 

^  ./) 

'*•  C  01  01  'O  < 

0  <0  C  O  c  < 

£  c  c  10  ; 

C  c  10 

0  4j  (0  a  *  • 

-  fcf*  O  Aa  ( 

A-  0*  C 

10  £  a  I  w> 

,A  •A  c  -  • 

C  »-  *C  I 


E  0 


n  • 


fe  -  C  A-  ' 
-  -  t 

r«  C  -J-  ■ 

0*  W  >*A  ^ 


*J  c  c 


•  O  T1 


-  c;  0 

c.  o  £ 

•  01  c 


i'  £  c 

t  -v 

0  in  I 


01  ••  M- 
-■  .:  t 
c  J  ' 


(V  A-  4)  in 

-  •  L  f  r 

»-  3  -  «0 

•  —  u  c  - 

■D  U  O  - 

5!  8  °  f  ; 

►  c  o  ii  ^ 


c  o 

r  —  *A 

♦'  n  *• 

A'  AT 


•  a-  X 

•  C  -s 

1  •••  <t  : 


u  f  ^ 
*;  1-  ^ 
y  n 


•  O  0i  £  • 

£  -0  W  *- 

A  C  -  £ 

•.1  4  w‘ 

I.  £  C  O'  £ 

o  •  D>r'» 

>  3  »  io  Cl 

O  X  «  £  - 


vn 

i"  ® 
’J 

C  \/i 
Ji  K  *- 
-  fl  < 


.  4>  flj  — 

K  *->  V  ^  >0  ift 

If  -  C  ^  -  L 

—  «  —  o  o 

4  —  —  t  •A 

t  01  K  6  0>  «0  ' 

0  •-  ®  e  t.  J 

•  <0  ®  •^  £  0i  I 

I  v>  —  (0  O  £ 

£  y  o  ' 

•  >  C  < 

in*—  o  — 

li  O  O  0*  <0  < 

D  ®  ♦'  ••  I 

?  o  y  ^  o  y  : 

d  c  £  O'  y  c 


y>  O 
■  c  o'  c  o 
o  £  -  '  r 


C  N  •/!  £  £  A 

3  X  <  Cl  .<  < 

i  f  -  O  *0  c  i 

S  O  >  0»  i 

o  If*  — 

c  '  o*  I 

r;  c  *  r 

y  «-  AA  «A  r  t 

1  c  n  X 

_  a  -  c  £ 

•0  3  o  O  y  « 

00  >.  Cl 

<  C  C  3  —  i 

-06-1 

(c  <c  w  (T  x 

t.  y  (.  01  • 

£  y  c.  y  AA  . 

O  a  3  <A  IQ 

^  0'*‘  3  V' 


c  'V  A-  on 


o 

U  O 
C  'V 
>•.  X 

o 


>  u 

*  6 

o  u 


u  />  y  c  >*- 

3  £  0 

I/I  CM  AA  -  J 

0  CM  .I  - 
y  O  o'  1.  < 

6  AA  .  -  - 

«0  V  £  u 

c  3  '.I  y 

A-  l/I  ■ 


-  -  aa  O  's. 


c  y  1 


y 


—  u  X  -  -  . 

OX  .  J  U.  CM 

c  3  ffl  -  S' 

A.  C  ««  C  C^ 

y  o  -  >  0  - 

y  c  •  3 

a  T  •  ,-j  kfi  - 

i*'  X  2  a 

•:  •■<  u  3 

V  ^  ■  ~  :  ^ 

0/  T  f  'A  A. 

t  .>  ai  3  c  • 


u  rz 

c  z 

V*  o  r  1“  . 

o  - 

J  -  u 


0*1  —  y  0) 

/I 

0  .0  y  o  • 

O-CCO' 

c  C'  ►-  n  o* 

J  U  C 

1  •  0*  10 


*'  A-  -1  r 

-•  T  AA 

■  —  n  y 


4  >  O  > 

^  O 

b  i-  ”  3  id 

A*  N  C  c 

A  -  Cl  r<  y* 


c  0 


o  E 


O  3 


iT  •  A- 

a 

c,  r  UA  <  r  cy 
2  u  -  £1  £  I: 


1  f  CM  L  It  10  •' 

:  c  •  -  CO 

i  10  "A  -  5 

-  A  1  A-  ^ 

ft  ~  t  !0 


CT 

3  o  >A.  y 

*;.  -  t.  u.  £ 

V  *0  C  10  V.  A 

a  r  0)  flj  AA 

—  u  y  o  10 

£  O  us 

-  —  3  £  A-  Ifl  lO 

.0  A-  n  c  c  1 


3  -  <  ••>  Z  . 


•  -  a  i  'J 

(.  a)  a  b  k  .  <4 

A  L  -  3  ••  CM 

AA  c  j;  j>  -a  0) 


1 


H-.' 


t 


c  tn  ■  a>  Of 

oi  o  t:  k  c 

«->  >  a< 

•-  «3  U  U  I 

IQ  a  a>  u  L.  o 


S  Lt  O 
L.  ^ 
0,  Q»  w 
Ifl  C  <0 


D  01  - 

Q«  >  <0 

U  <C  — 

—  a  n 

C  (Q  o  o 

CO  - 

in  -  .  c>  in 

a  o-  -  / 

o  -  i/J  O  ‘l 


C  *-  C  IT!  c 
I  •  *  O'  c 


'  sO 


fc  C  U  r.  •• 

to  Cl 

Cr  t  t/i  O  C 

.'  ■ 

O  i'  -  w  . 

t  J  c.’  - 

-  L  c  - 


1.  j  O-iC 

^  c  -  3  K  . 

j  ^  t  t  o  i  o 

—  i  '.  r  C;  o 

O*  L  i/l 

_  ,  -  0  fc  “ 

O  E  tyj  i/>  3  c 


fy  o 
Q.  w  o 
c  - 
c  - 
—  w 
C 

o  o 

*0  >  * 


.1  a  0  fa 


1/13  0*-. 
3  O  £  ■« 
o  -  *-  o 
o  —  ^ 

(0  -  H-  O' 

•  L  O 

z  • 
c  c  c 

-CO¬ 


SO*- 

g  -  u 

*'  O  O 


-333 

C  g  - 

c  -  '•  - 

^  f.  • 


i;  CN  -  E  o  C  3  < 

*‘  3  3  *-  O  vl  I 

Z.  C.  i.  3 

0  t  £  *-  O  C  O 

c  C  -  U  >  O  £ 

£  ♦-  41  —  C  ♦-' 

—  C.  ^  - 


-  O'  X.  t  c  t- 

-  - - u  O 

-  C  £| 

0  0  •  *'  <3  -  t 

c  41  -  r  — 


O  c.  O  <Q  '/I 


•-  fc  C-  '  «  f*  C  c  *  -  . 

■3  o  .O  <s  o  ui  •  ••  ;■)  in  cs  c  o  ,  o  c  co 


(S 

•t 


I 


D 

<4 


lA 
IT  C 

-  -  in 

oi-o 
r.  *-  c  — 
c  o  o  «• 
0  0-0 
fc 


C  m 


0 


-*  IS. 

o 

c  > 

«i  - 


ft-  r. 

r  — 
a 


in  £  <Q 

-  r  s-  •-  c 


0  c  c 

c 

>  la  u 


•  o  «*-  c  o 
I  <a  £ 

,  w.  o>  ♦- 

1  I  c.  L 
-00 
.  T3  ♦>  c>  - 

:  w  o  c 

0  -  c 


£  1'  O 
O  »"/  O  O 
£  O  L  — 

♦-  000 

^  -  CD 


O  • 
C  O 
I  C  Q> 
O  ff» 


O' 

Jl 

>  <“/ 


c 

0  - 

0  3  C 
t.C0OCfc- 
i  O  -  *-  t  O  iC  £ 

u  £  0  r  *-  I 

0  c  c*  >  a  o  I 

£  >  '  -  0  a-  o  o  " 

C  t  <0  £ 


0  o 
i  o  - 

**  U  CO  0 
y  -  . 

C  C  O  I*. 

car  “ 


•j  • 


c  - 

IOC’ 

u  u  ^ 


,  -tf  —Cl 
3  0  0  0' 

C  13  - 

■  -j  O  -  ^ 

-  £  r  001 

:  p-  —  o  o  ' 

/  o  -  - 

•  e  *.«  - 

10  —  < 

•  c  c  0 

-  3  c  c 

/  -  «a  o  c 

•  tfl  00 

j  >  •  c 

:•  0  C  c  - 

0  o  — 

)  0  £  J- 

.3-03 

-  O  C  Q  0 

;  a  u 

1.  o  0  o  o 

'  o  o  c  c. 

II  a  c  10  o 


c  o  «o  - 
0  g  - 
O  Q  cr  * 

C  vTI  C  C 


-  c  c  c 
t  o 

g  u  V  • 
>  c  • 

-  C  0  ( 


3  4  c 


*-  a  li  *0  c 


0«  .-  0; 
C  O  C 

-  a  0 


"  5  ? : 

V  ••  3  3 


0  O' 
O  3 
4 

Z  > 

b  O 


J  Q  o  - 

l  -  lO  M 
-  'i'v 
3  (J 


0  01 
fO  L 

a  c 


Cl  0  i’ 
c  C  £ 
I  £  i  ~ 


•3 

-  o 


C  13  •-  D  *- 


0  o  n  c  c  . 


£  o 
o  - 
o  - 


O'  c 

00c 
—  ■00 
•  •  > 

,  .  0  — 

'/:  c  ca 

^  o  ^ 

TOO 

C 

c  O  <0 

la  t. 

10  0  in 

r.  c  SI) 


'  0  4  •  ■  c  - 

;  -  4  c  c 
)  —  fV  ,  c  £ 


L  0  o  O-so  rt 
O  sj  O  C  o* 


S  l.  s.  *-  4 

.  J  C  lO  IN 

'  O  <0  C  00 


_  3  — 

i'>  -  S  O  <0  c 

>  —  o  c  c 

0  3  •  4.  O  - 

^  a  -  — 

U.  ■=  .J  'N.  ♦*  Q 

X  3  UI  o  <0  > 

s.£OC*- 

-  o.  r  s.  w 

-I  4  o  c  0 

*-  4  .3  **  *'  C 

p-  C*  s*  o  c  o 

D  0  4  0—0 


0  vf  s*.  CO  O  I 
O  N-  O  O  I 

^  o  •-  0)  o;  c  ' 

C  £  T  —  f'*  - 


O  C 
O  O 
O  - 
L  -  O 
G.  3  Q 

•  -  O 

o  *•  cs 

CP  0  • 

0  £  O 

^  —  ® 


00  0*  - 

>  .-  01*1- 

£*-£:•  N 

—  O  t  o  - 

CJ  •  '.■•  '► 

.r  —  4  o 

p-  g  i3  £>  U 

I-  C  3  'V  Q 

3*  Q  0  4  a 


O  t  0  rs 

s  4;  >  la 

0  £ - O  ® 

O  3  c  - 
o  U  O  4 

<j  •  O  O  <  CN 

C  •  -  C  CD 

V  1  0 

*-  C;  0  O  O 

-  ts.  a  £  —  O 

I  o  »-  fa  -  o 


:  o  O  1.  0  N  i 

a  I.  —  c  -  X  3 

I  D  a  0  a  D  £  .4 


t-  0  —  so  U  C 

*-  C  o  •  -  o 

00  •  C  CP  c  — 

L  *-  4  O'©  —  C 

r.  c  «5  so  O  ^ 

c  •  •  E  E 

fC  >0  BJ-*- 

Ck  £  o  O  C.  o 

V.  n  o  c 

•  >  •  a  D 

_i  £  a  - 

^  4  ©  O  O' 

►  -  s  ..  0'£  - 

n  o  4  sf  •-  p-  — 


to  <1*' J  '  of  oec''  AUTH.  A  ^'iHEVM.  r* .  PA^  A/(ato'*'’i  £''?^-;v  Of  o^n « t  <  o'*  of 


I 


ifl  —  n 
-  c  (0  n 
-  c  lf> 
-  10  o  - 

0/  —  «j 

c  c  *3  cr> 


'TO 
:3  : 

t  i  t  O 


)  o  c  o>  ^  - 

>  -  o  c  -  « 

•>*  fc  —  ■  ) 

tn  —  - 

—  L»  0  J*  I 

I  -  10  in  o>  xj  o  ■ 

•tom-  ‘ 

w  t  t-  ^ 

5  0/'  £  C  ' 

..  >  "n  : 

L  c  i  n  •  k. 


D  C  O 

4.  ^  ''x 

<7  V  <  A 

c  o  .1  r>* 

«  -  1.  o  * 
t  ••  o 
%•  T5  O 

'  >0  —  c  - 


T3  C  >  O 
CKO 


i»  .0  V  C  L  C  —  ' 

--  r  -  .  ^  ^  • 

.''3  •  O  C  3  •. 

v*!  ^  C  U  C  1 

'3  ~  C 

I  I*  o  D  N  ifl  tf: 


L  r:  ■  c  r  ^  .i: 

C  --CD 

•  4'  C'  -  r>  **  -  uy 

•  -  'j  —  uc  <0  T3  a» 

J  V  'Z  C  —  O  O 

m  c.  o  '  i: - 

m  —  Q  I  — 


C  -»  3  3  - 

i.''  V  .  •*  y  Q 

>  --  4  ;  - 

«  -■  .  ^  .--i  o 

■  c  i.-  a  -':  z  o 

C  C  *  - 

O  «.>  4.  O  O 

s  ~  cv 

1  o  tr.  »-  ■  c. 

a  -  3  V- 

6  >  o  r. 

►  O'  >  o  •*-  *- 

:  -*  t.  o  o 

•  1*  .<  c  t 

c  c  o  >  o 
C  0/  u  -  o 


..  3  •  £  (N 

<  &  0  ^  ^  Z  i/>  ij"-  ^ 

"  t'  K/  ii  c  t  C  c  -  4-  (0  -  •;  o  ■ 
:  £c 

O  3  3  £■  •  C'  Q  4  ■'-•  / 

ijfj 

-  •->  a  i:  -  ^  r  ^  . 


0  o  c  3 
c  n:  '- 
r  <.  4  :■ 
-  y  a  o 


j  m  m  c  c  a  “  ■ 

>  o  /  o  .  ^  ^  a> 


.  •'  a 

—  o  t  ^  m 

>  i.  l'  <•  o 

-  c  n  -  c  c- 


-  a  c 

t/)  Q 

•  -  Q 

38  C  -  nj 

<0  •> 

•  r-r  C  n* 
<1  UJ  C 
a  • 

<  V  C  4. 

cj  iN  --  a 
O  I*- 


o 

o 

3  O 

CO  o 
z  ~  o  ^ 
o  a  c  n 
a  -  o 
o  o  v. 
o  O  CD 
-  O  O  f'* 


O  3  C 

/-  *>  o  o 

K-  3  — 

O  O 
a  3 
t  ir  c  a 

^  £  0.  «. 
>  -  >  ♦^ 
—  L  C 

o  a  a>  - 


I  n  n 

o 

•  t)  CO 
ro  i/)  ^ 
'•  C  < 
-*  r*»  <i>  CD 

.  ^  'te  f- 


CJ>  3  • 
0^  C  fti  o  c 

•  -  t  w  . 

O  L  •-  r: 


0  t 
•  -  o. 

1.  0  c 

O  CO 


}  *'  X  i-  o  o 
^  O  -CO 
•  4)  tr  •■'  (0  - 

2  a  O  Q  (. 

)  iT  C  10  O 

J  -•  C  ->  0 
j  —  •  a  c* 

)  O  V  <3  C  U 


:-»-(/)- 
)  -  i  o 

r  m  i' 

:  c  c  - 

3  U  -  — 
•  n  Z  3  0 

J  41  <8  O 


■S£g“ 

CJ  O  O  T? 


^  ■  c  -  CO 

1  O  O  •  4(  O  t 

k»i:  oi  ac  ODOO 

i  —  i.  ^  r,  -  ■  ufv 

:  I  -3  a  %  •  — 

c  . 

r  —  v’  to  c-  o  4.  r  O'! 

OOi-O  tf>l0OO> 
0<aCN»-»'  30*^K 


Oj  4»  >• 
r-  3"  t' 

o  c 

.  ~  Ct  1, 
CO  3 

O'*  ^ 


.1  .  m  *j 
3  4/  0>  3 
«  O  C  2 


«'  i'.  J  C  3  t 

.  -  O  r'  -.  4  4, 

L  a  o  «•>  o  3  ft  a 


of  the  oysto'^  fc 


0  t  - 

^  r> 

.*•  » 

0/  4/  L 

U  Q>  Oi  m3 

O  U  C  O  0)  &* 

-  O  C  I  U  —  <0 

C.  k  r:  o  (>  O 

'  u  r  I-  C'  t  t 

O  <  U  JO 


Of  O  f?  Q) 

u  -  c 
c  -  c  o 
6)  IQ  >  £ 

3  C  (*3  ^  Q» 

U  ft.  •-  c 

c  a  o  j 

>fi  O  O  —  J» 


o  0*  Q> 
J  c  — 
>  0  •*  a 

I  -  £  •  « 


C  O  Of 
C-  O  L 
3  -  C  O 


C'  C  3  1 

O  iT  c 

c»  3  u  Q  •* 

C  >0  -  B  3 

I)  —  O  Cl  0 

C  0>  >  •  krt 

IQ  (Q  L  iC  Cl 

k  O  «  O  O 

■  ;  .  r  £ 


c.  ^  *'■ 

E  .I*  O'  ;n  ; 
0  C  C  -  , 


^  r  LI 
.  j  ~  ^ 

JClC- 

i  -  0 
y 


fT  O  -  --  IQ 

-  c  t:  -r  -  L  ■ 
o  c  3  -  o  o 


0  O’  •*  Cl  ■ 

C  (Q  <  ■ 

>  -  C  I- 

o  O' 

-  c  - 


C  -  Pw  o 

- c 

a  o  - 

O  t  C  i/> 

'J'  C  -  J 


a  Cl 

f  ^  L.  ^ 

I  C  IQ  IQ  "t 

Oi  £  'J 
£.  £  ^  ^ 

I  »-  O  — 

-  1/1  2 


’  i/i  li-  y  £  a  I 
I  c  a  Cl  < 
I  o  I 

-  I/I  C  IQ  . 

:  3  4^  0  iji  I 

to  3  C  C  I 

y  -  Cl  y  I 

I  •  L  -  c  £  I 

-  IQ  y  o  -  < 

c  >*'■'• 


0-  0/  0  ui 

y  £  i/) 

c  i/>  ^ 

Cl  3  - 

-  a  1/1  a 
y  —  IQ 
01  CD  cn 


a  1/1  iTi 
a  y  >»  E 
O  £  0 

u  a  ^ 


Cr  Of 

O'  Cl  > 

Cl  O'  L  - 

-  10  0 

>  to  > 

0  U  i«  CD 

C  3  C  o  -  C' 

I  jc  y  0  -  >• 

y  -  (0  HI  0 

I  C  to  »-  111  C  I 

-  /I  0  Cl  o  • 


L  3  O  •  O 

i/;  t.  vT  •'. 
O  3  1  IQ 


£.  Cl 

k*  •*-  C  £ 

'  c  y  •>> 

0/  —  . 

fC  k'l  i 

I  c  ~ 

I  Cl  -  f5  a 

•/  C  Cl 

:  3  a  O’  L 

C  -  o 

I  O  3  /■  - 

i  *'  c  c 

^  ri  a, 

T1  .n  C  ^ 

•  O  IQ  C 

r  O’  a  - 


:  a  c  "  a  1 

c  »  c  >  o 

'  -Q  o  -  o  ;• 

r  a  . 

3  ir  c  J  G  y 

r  y  Hi  c 

:  y  u.  «->  c>  « 

•  '*-  I  -  c  t 


•  ft  C-  '  t.  r  ■ 

'  £  i.  >03 

,  t-  ki  y  ^ 


0  3  C  Q  r  « 

-  >  r  j  •-  •  v)  ( 

-  Q  .1  a  r  •• 

-  y  t  -  li  V 

i  0  a  u  '^  • 

-  b  i 

)  -  o  a  »  o  ' 


>  *■■  Cl  (-  > 

Cl  t  r-  a 

:  -  O  y  /! 

I  C  £  in  -  w 


O  L  -  C  Pi 

C  C  3Q  3  r 

ID  —  ?  u  k 


•  IQ  C'  1/1  M  '3 

•*:  c  c  -- 

.  O  a  0  -  n 

I  —  tft  -  i.  IQ  LI 

•  a  o  o  N  ** 

IQ  c  Q 


1/1  c  a 

.  ;  u  10  c. 

I  o  0  Q  b  o 


c  r  c 
•-0  0 
c  -  -  r- 

Cl  *-<  0  r) 
O  L  1*1 

c  c  ri 

L  a  Q  fN 

u  y  in  z 


a. 

(C 


t 


t  r  •- 
O  tt  < 


tr  t  ^ 


t;  X.  4/'  r  r  - 

4l  '  T5  0  o  - 

*-  L  3  c  -  -  . 

G  u  a  <C  t  4- 

4/  rc  *.>  OWf' 

c  a  4»  •  u 

Orclj^'liTC- 
U  >  W  0  O  G  • 
"  L.  C  C  i- 


—  C3  ^  w 


>  — 

O  u  - 
o  r  «  4rt 
o  &  o  C 
-  3  -  - 

3  o  a  c 

9  44  >4»4 

t  *4  C 

c*  -  o 

X)  u 

«>  (0 

C  £  i  '  ' 


t  3  •■ 
J  <-,  < 

X  ~3  — 


z  i  -  z.  a 


-Cl 


r 


yt  n  o 
c  O'  - 

i  «3 

c  CN 
I  r- 


1  0  V  l.  t 


r  o  (/■ 

IC'DOl'-'*- 

*5  C  U  £  *-’  O 

V*  n  n'*  '*-  o 

;>'  C  -  Oi  C 

ji  O  1  D  O 

—  V  ;■  • 

“  -  a  1  i.  ** 


(tec  -  4-  G  T 

o  ~  -  t  .->  ■4.  ra  — 

L  o  c  c  u  ^ 

6  Q  -  c  rv  01 


D  <  O  O  -  *1 


_  o  1 

•  -  £  c  -  e  o 


•  *4  D  •-  -  1  (1» 

'j  V.  5  c  y 

rf  ••  <  o 

-  4  C  C  fc. 

.  C  r  C 

c  .4  y  .  O' 

:  c  £  -  r  t. 

I  3  --COO 

•4  4.4  c  .  re 

,  /  '  c  -  9 

>  3  4ft  •  .  -  ~ 

£>  £  -  .'J  o  <0  r. 


j  *4  (fl  - 
•  C  C  </l 
-J  0  1 
I*  fc  -  s) 

a*' 

I  -  e  E 
3  0  4) 
,  a  •*-  « 

4)  (ft 
-  > 
y  y  40 
I  c 

.?  (■  41 

I  (Z  c 

1  —  4;  - 
)  1  C  C 


e 

E  k  ' 

4)0—* 

3C 

(ft  0  a. 

>  >  u  o 

ift  «  - 

J  XJ  t 

c  «>■ 

_  1  fT  C 

M  trt  ,'  j  • 

—  •  O 

Z  C 

(T  a »/)  c 


X3  X) 

c  c 
c  n 
o 


-4  «  y 

*4  0 

<.  tfl  £ 

4»  - 

44  Ul  Ql 

-  (5  £ 

-  3 

•*  e  c 


(0 

•  4ft 

c.  (ft  4) 

o  -  t 

J  -  3 

o«  —  *- 
>  a  L  £  <g 

—  toy**- 

(OOrl)- 

-  *4  c  »  c 

•4  *4  tr  y  r* 

c  -  r.  - 

u  e  -<9  0 

1  (ft  O'  2  o 

o  c  c  y 


^  ^ 


1.  i>  t. 

0  P  < 

'  1* 

i,  •  1 

4  0^1^ 

/  C  3  Ift' 


—  (X  *4  ^ 


s  .t 

(ft  u  < 


c  o 

3  " 
c  £ 


O  4)  Q  ( 
C  ^  (ft  J 
/  -  4)  4 

1  in  *" 

O  £ 

£  -  ♦- 


•  3  t.  I 


0  >  — 


i  V  ^  «3  ► 

;  (n  O  £ 

4  L  y*  u  * 

1)  q;  O 


»n  - 

*4  €4 

O  O  -  C 
4)  e  o 
*►  ffl  y  £ 

•-  (j 

9  (ft  £  4) 

4  *-4  t 

""fa 


,  o 

(ft 

I  c  c 


(ft  •  — 
>  <D  (0 
(ft  >  > 
4-  O 
O 

..  -  a* 

o  o  u 
(0  y  0) 

C.  <0  s 


4  (0  3  ( 

3  £  ••  C 

3  *4  (fl  9  - 

4)  C  X 
(ft  *►  -  4 

0)  >-  • 
(.  C  V-  »’ 

z  O  .X  - 

IQ  /.  or  .. 

4)  16  r  3 

(..  £  *4  e 


4  c  ••- 

£  O 
*4  c  Or 
> 

•  y  - 

—  41  *4 

a  £  a 


—  *4  0  c  o 

y  (-*  y 

O'  --  c 

•  £  «.  o  o 

*4  *4  O 

c  1  C  *4 

4)  •  t  *4  «> 

t  —  4  C  C 

a-  *-  i.  ■- 
£  r  y  n 
o  4-  c  c  t 
u  c  «  c  o 
o  -  o 

>  £  *4 

—  O  > 

'*  O  **  fe  (^4 

OC-tO 

—  o  (ft  o  a 

♦-  C  e  **- 
e  «  C  4) 

9  y 


-ye 

3  t  > 

E  «  y 


1.  4  c  - 

o  4  C  (^ 

£  0  o  '•  • 

e  C 

o  0  C  *• 

«>  o  9  1) 


•  O 

y  o 

O  (O 
(  £  00 
-  f(» 
■  fc  - 

(  t.  • 

4)  O 

4  <0 

•  y  a 


3  IQ  19 

a  o. 

)  4  o 

)  a  •  - 
)  o  c 

-  y  4i 

4»  ' 

r  1}  uf 


r  w  ft  £ 
•  (ft  (£  L 
.  -  -V  O 

)  y  •*  u 


(ft 

a 

9 


-  0  c  c 

«  •-  o  (ft  9 

c  '  .  1 

0  O  •  IT  4  ■  1 

u  4  j  i..  r  •.  (0  £  (ft-  L 

3  ££  C“3*-CO 

(OC*--y-  o  0  o 

C  c  4’  *4  -  C  4'  >y 

-  I  .  '  tv  o  3  -  j  r  n 

o*-y  -V  <9C9  *4- 

(Co*4  -1.  y-c  E 


j  T  .;  >  -  /' 

.  *.  'ft  O  4  o 


;.  *3  y  _ 
3  C  O'* 


(ft  '- 

r  2 

O  O 


n 


Z 

o 

a 


o 

a 


o  *4  4,  o 

w-  -  n 
:•  c  .) 
y  i:>  ;*.  ^ 

Q,  . 

*4  .>  -5  -1 

c  o  o  z 

£  (ft  41  2 
*4  vft  e 
I  o  fv 
I  y  -•  rv 

^  r  o 
•  a  c  00 
:  o  o  -  o 
- £  n 

4>  «-■  tu 

>  <C  ♦•»  • 

1  y  «c  o 
y  9  9 

o  •- 

ft  o  c  o* 
-  c  c)  - 
a  £  a 

—  C  ^- 
v  (.•  C  r- 
y  u  •-  o 
0  0-4 
6  >  >  • 
4)  C  O 
4  VI  Cr  < 


O'  3 


C  —  —  c 

0  O  (4  U 

-  C  -  3 
10  - 


-  t;  c 
00*- 

-  Q 
e  (ft  rv 
03  r-  » 

.4  n  £  y  T> 

C  O  <T*  *4  ft) 

O  a  ^  D 

.  —  <1  .  *4  - 
0  0  0  4 
.  (C  «3  CO  U 

if  z  >•  'ft 
ICC  c  c 


O  (/*  O  .  ■ 


(ft  o 

(ft  - 
3  *4  ' 


Q  3  GO 


-  Q 

-  O 

4  (T! 


*•-  (ft  C  10  ^ 

-  4)  O  Q 

>  or  O  0  ■ 

*•  (ft  4  4 

-  (ft  ♦  a  9 


^  U.  £  6  ?  ' 


T  c  oj 
.  3  Wl 
-  (ft 


4  4. 

:  ••  (ft  y 
>  O  IT>  C 

O  iO 


K  -  ui  (0  G  C 

J)-Cft(Jl*- 

r  <0  o  -  t3 

»  li  C  —  (ft 

fC  -I  3  U 

J  UJ  £  — 

-  y  0)  £  (ft  Q 

-  c  ■>.  O  (ft  O 

3  C-  4  U  U  ►- 


4  H 

9  9  3 

(tl  O 

«:  s 

4  3 

fe  *4 
4)  c  <0 
£  O  £ 
I-  U 


n  (ft  «-  f- 
4  9  ft-  - 
.-  0  ^ 
L  V’  O' 

3  C  - 
to  Z 
-  C  t-  o 
»  10  H*  a 


c  t  ^rr 


IM4 


O  -n 

£3  ^  ^ 

Q  O 

.J 


'  u  -  I 

■  o  - 

£  —  Cl 
n  oj  o  Cl 

5  kfl  •- 
.  u  (U  1/1  ^ 

.  C  lO  —  - 

0  <0  z 

'  •  E  L  O 

0  'J'X 


>  .J  u- 
'T  U  i 
Z  - 


a  «/i 
a  t.r  o 
O  U  U 


■  £. 

I  '.T 


•  U  -  G  -Ji  C 

•  r-(  C  :j  - 

•  I’  n  -  ;;  fl 

O'  .  7  i.  ; 

j  c  w5 

•  - 


.:  -  o  -  t 

..  r  *3 

:'  o  ifl  oc< 

I.  *>.  10  C  CD  Z 

Q  <  a  Z  —  I 


?  ^  5  - 

^  2  L  $ 

0  0  O'  - 

O  TJ 

c 

-  •-  0  ♦' 

o  -M  -  G 

C  L 

I  o  I/'  &  O  IQ 

O  C.  B 

-  a  3  w 

-  »  •-  L  Cl 


>  C  (.  G  J 
i  C  0)  0 


0  c  «»*.•“ 


o  . 

o  •>  - 

i  T  4 


.  «/)  ^^  Ik 

I  O  Q  I 

I  r  1. 


V  G  .*»  I 

c  “  « 
G  -  D  ' 

;  fi  ( 


C  «*•  O  (.  (Q  I 

0*0  t 
W  0  3  tN 

C>  C  ».)  4- 

-  G»  0  ©4 

x:  —  >>».  I 


o  — 

C  3 
I  0,  ifl 
'  3  G» 


tJ  O 
.  0, 

.  —  .-I 

(C  iQ  i 

k  C  i/*  •*  “ 

k.  W  ^  3 

—  t. 


C  3  Q  • 


^  w  . 

o  o  ; 

C  c  •••  J 


C  C 


-  G 


-  C.  -  — 


,  ii  5 


t-  (J  n  ~  c*  I 


>  o 

V  c: 

.  c  -  > 


r  ♦-  >  tf>  o  I-  c 

»-  (Q  a  C»  u.  c 

“  3  O  <  V*  c 

r.  »*j  3  o  -  • 

-i  -J  -J  «a  • 

w.  ..  u.  w  O  c- 


u  .>  «■ 

o  c 

4k  —  <6 


-  c  c. 

O  C. 
C  Q  *3  c  3 

O  w  c»  Q  - 

-  4-  >  C 

"  O  c.  "N  > 

<0  U  C  U. 

-  cmoo 

3  3  C  «►  > 
fe  C  - 

-a,  CO 

(T.  r  c 

W  (ft  -  C 

C  —  O  4J 

o>co- 

-  O  O  L  C 

w  0  * 

«Q  O  c  > 

O'  c-  — 

IT  C  — 

c  -  J*-w 

.  e  Q  c  t; 

'--COG 

a - 6  E 


k  Q  o  < 

3  (N  W 

z  5  ' 

...4-4  0. 


G  3  I 

L  O 
*•  O  , 


vi  O  fN  - 
C  G  Vi. 

U  t  Ox 


i>  4  31 


-  O  • 

I  10  4 
O  I 


c  t  >  1 


O'  ill  Cl  C  <71 

C  4i  0  vl  D  0  ^• 

/  ■'*  O  '.‘I  O  k» 

3  ■:  n:  -  rj 

3  L  £  3  0 

It  a  O  IQ  G 

c  /  »“  F  o  a  3 

•  •  c-  -  0«- 

'•->'*  r'  o  a  'J 

L  J  £  G  O 


I  •  c  a 

.  lA  t  L 

)  c  *4  a 

V  O  -  Z 


O  •-  V. 

o  c  c 

r  •:  -  z 

K  >  c  O' 
>  :  o  o 
-  k  -  a 

G  *-  0 

c  o  u 


;  c  >•-  O' 
0-3 
»  3  O  C 
E  Cl 


O  >.k.  •  0  3 

-  -  a  a 

.  -  vO  o  Oi  O  ^  *4 
n  a  o  ►-  on 


a  •  c  n 
1  cc  ^  w  ■ 
c  i/»  ao 
[  cj  o  1/1  •“ 


C'  C  G  c- 

£  t 

G  tf)  C 

<  g  (Q  <Q 


£  C  Cl 

01  c 

O  O  •' 

-  E 

C.  3  «1 

a  c  Cl 

•  >  0 

c  «  c. 

‘  g 
I  Cl  0  IQ 

'  c  ^ 

;  *4  «)  c« 

O  E  0) 

4  3  Cl  g  *' 

-  o  -  —  01 

£  —  a  - 
Q  •;  z 


z 

3 


bl 


z 

►- 

9 

4 


Z 


9 

4 


a 

4 


UTT:  Mc  conTiun  i  ca*  '  wn  to  c.-nP  lev.  f’.yino  circr*-^ft  bpr.c-<'si  topi'^^  m  ^*F  r.r 

AUtH:  A/WAt,LlN.  ,  M.  COftT;  Rcv-i  Air^-a^t  Pr>  ‘  3b  1  i  shir^nt  .  AOTH.  A/CF'''^t  V  J.  P-A  A/'* 


O 

rr  ♦- 

-  fi 


o  e  t:  01 

t.  i:  o  .c  -  fe* 

*■'  Ji  >  •'  3  c 

-  -  ^4, 

.-0  IT}  o  o  C  O' 

a  I-  £■  o  -  t. 

-  O  •-  4i  «5  O' 

U  U  L  V  O  C 

U  -  t.  c  - 

-  a  -  n:  ' 

i  —  in  0 


'  -•  0  i.  a>  c  V?  .'. 

•  .:  c  e  O  j  ^ 


«n  6  c 

a»  jt  .3  o 

O  (.  L  £  O'  I 

O'  -  0  -  c 

C  J  jB  to  - 

<T)  O  Cl  < 

w  C  O  I- 

L  ID  '  C 


f.  0 

.'  «l'  c 

•J  A  9 

fc  e  - 

•If  3  W 

O'  c  m  c  o 

e  o  o 

C  R>  «/>  ■>•  >N. 


*'  L  r  <0 

3  0  v  a  c  1 

I  r  -  *'0  0 

O  m  i.  u. 

.<  s  -  J? 

ii’  ■  c,  - 


i.  •:  D  c  E 


•  C  CN 
tJ  ^■ 


o  3 


<3  •- 

-  O 

O'er  <•.  r.  C 

C  <  i. 

UJ  <  I  O 
w  ^  <7-  -  C 


{j.  —  O  :. 
D  ;3 
0  Z  o 


'  C  C  • 
•  c  _ 


a  «;  Cl 

.■■’  1/5  a 

-  c 

C  -  Cl  tJ 

W  Cl  "d 

3  C  I-  '  O 

ti  £  X- 

'•  4)  u  in 

•-  >  in 

c  6  0  o  S 

a  ;i  c  - 


‘ix:}*- 

•  .;•  c.  u  n  t5 

•;  -  <j  c; 

o  —  o  JC  o  . 
c 

.  •  u  ir  -  3 

:  I  1  =  '-  C 

o  - 

r.  .  O 

I  a  -•  o  >  Cl 

:  .  •  o  c 

s>  i.  a 

■3  c  a  • 


b  5:  J 

’  •.  -  o  o 

t  C  £  ♦J  U 

o  :•  u  - 

•  a-  ;  o  *0 


•c  o  b  j 

c  c  c 

4i  .*0 


:  b  C  O  J} 


u  ^  L  y  n- 


Q  u'  rs 

•-  fc'i  ■ 

k-  li  - 
<0  0  U- 

u.  o  a  X 


a  'w  c  c.  o  i/i 


r  b  -  p  c 

iT  D  IT  3 


-  i;  “  c  t 


X 

-  C  C  - 
>  0  - 

0  .«  O  • 


C  —  «T 

.«•(>. 

a  n 
~  fli  0> 
T  •  - 

z 

-  0  o 

>  c  CO 


■D  - 
c  — 
0  - 
>  3 


<D  O 
I  C  i. 
•5  D  ^ 
L  - 

M  01 

►•Du 
(0  a  c 
x:  -  fo 
^  L  E 

•-•  c. 


o 

a  •• 

0  •*'  D 


y  b  - 
—  0  c  b 


0 

*•'  o 
o 


<ft  o 

IIJ  O 

Q  rw  t''  . 
•-  j*.  n  ' 


-  C  r4  f 
*j  <  n  • 


a  b  uj  o  u 

b  iP  6  ^ 

u  —  K  i. 
y  Q  u  - 
c  <r 

>  u>  (O  >.  . 

I  m  *  2?  r 

a  o  y- 

•  a  u  3  - 

I  i/>  r  -  o  i 

£  lA  C  w  w 

O  ui  u  fO  L  •» 

”  U  O  C5  C 

>  o  a  e 

I  V  o  c  a  .  c 

a  o  t  y  c 

I  C  ««  u.  O  I  — 


o  o  c  c  in 

D0  0  0  3  0- 

.•  X  b  -  I 

O  U  L.  IQ 

•  '  c  0  •■•  b  ‘ 

rj  o  •-  in  C  ■ 
'  L  -  o  C  <0 


J  r. 

t  z 


t,  -  X 


J-  c  •- 

/.  •-  M  • 

w  -  13  . 

c-  i  O  • 


■0  4 


O  (0 

-  c 

in  o  ^ 

-  c 

3  Oi 


b  < 
ni  o  ; 
C’  c 
c  3 


O  ^  <0  ^  10 


c.  o  <n  a  k-  . 

'■  *0  o>  u  a  I 

“-D3  1- 

'  X  w  a  10  o  . 

O  -  -  Oi  c  ■ 

•-•  fc-  c  m  u  I 

C  IQ  X  o  o 

-  -  u  i.  a 


ICOEc-'Cl 


10  (0  - 


•-  c 
o  -  »n 

3  *0 


L  — 

3  -  n 

■V  fs  r> 


7  O  I 

>  o  >  u  t  . 

Q  <•-  O  <0 


3  C  L  L  - 


0 


1 


H-I ' 


<0  -  «• 


•O 

\  Qt 

O  X. 


a.  •*.  ->  4>  «  c 
(/>  <c  o  X  0  o 
fo  »- 

C<  ^  A'  «/>  '•  (/I 
■  ifl  i/»  C 
W  C  r,  O 
t  .>  XJ  - 


Of  t 

c  tn  0 

«  <0  c. 

Q  '*■ 


*'  0  ifi  0  t. 

O  (•  c  b  ^  Of 

a  o  t  4i  **  *.  — 

at  ^  ^  ^  o  1 


«  o  j-  ;• 


*-  :.  >  £ 


<•  X  tfl  w>  . 


4>  U 
i.  (ft  Oi 
—  t.  c 

o  - 

I  a>  a- 


o 


<0 


o  </»  &> 

w  -  X 
yt  *- 


o  >  X  C  fc 


C  &  c 

-  T3  - 
(T  O  — 

(A  Ot  b  I 
-  L  «  • 

>  E  ‘ 

C  <Z  J> 

0  t>  «  ' 

^  t  O'  — 


•-  ■  'z  ^  r 


t 

»  •-  r. 
o  ;3 


out:' 

Z  3  . 
‘-CO 


C  5  X  C  -  13  I 
(C  Oi  -  u  - 

S3 

o  c  r  w  •  r  • 


£  a  t. 

c  •-> 
o  -3 

a  o  c 


*-  <.'>  c  Cl  F. 

3  u-  C  L.  3 

*-  I  C  3  C  «- 

i/l  -•-O'*- 

0  Ct  >  . 


t.*.  •-  6(  3  c 

3  L  X]  O 

3  0 

irt  <V  C 

•  X  Cl  3 

t)  o 


i:  -  D 
.•  X  o  j 


o  a- 

C  »/>  3  ’ 
J*  ' 

<D  4 

0  irt  t 


'  :c  •-  ..  :. 


»-  t  ^  . 

»-  4V  V 

O  </■.  •  J  ( 


v'  C 
-  0  3 

V  :.  «' 

3  u  /I 


C  X  ;2  C  D  4 

O  4i  C 

C  C  ♦-  O  . 

O  COO* 
I  -  Q  e  X 


3  V  C.  1 
-i  1/1  £  * 


t- 

t  <T> 

<N  J> 

—  ^4  C* 

■V  o  - 
..  <  — 


.  c  i  3 

A'  •*  t;  ■ 


a  .3  3  C 
t  —  c 
L-  X 
a.  C  C 

a  c  '*•  c 

<-  c 


0  —  I 

O 
(  - 


.  -  c  e  .  . 

a  t-  A  — 

c  c  . 


C  O  O  3  !C  !/> 


-x:  c  u 

>-  O  I 

N  - 

I  {•  o  ‘i 

•-  ‘w  O 
I)  O  i  3  • 
•>  .3  v  —  . 
O'*  ♦  ;; 


.>)  • 

D 

Of-*' 

X  —  ■ 
C  :«:  <  I 


C  C  ft  c 

I  0  O  u 
-  -  f  ft 
/  /I  jt 


O'  <0 

c 

0  3 


ul  c  C 
■D  « 
Cl  X 
S  >  U 


*  3  C  0 
-  t.  C  L 


E  O 


1  o  o 
ft 't 


^  .fc.  .r  , 

o  ft 

O  '-  o 

ft  1.  ■ 
t.  —  u 

o  o  c 

■3  .c  c 

-  y  o 

X  -  - 
**  X 

o  »  c. 


c  o 

ft  ** 

o  c 

0  C' 

o  o 

J 


X  c  a 


—  fi3  If. 

ft  £1 

r  1/1  ft 

O  c 

^  X 
VI  O 
-  r  ft 
.»  Q 

?  3  O 
(  O  " 
cot) 

L.  ft 

*4  <••  C 


o  >o 


u  c 
-  o 

V  - 
ft.  •* 
X  u 


»  X  > 

c  c  . 

"go 

**  X  2> 

3  O 

*ii  O 

**  *■»  y 

ki  Vi  c 


C  O  VI  VI  y  —  i*.  • 


C  V 
'  o  c 

'  fc  C  ft 

I  O' 

ft  c  c 
o  - 
c  ^ 

-  >  ft  ^1 


«;  X  u.  ft  o 


'  tt  ^  - 

ox** 
V  O  O  V) 

*  c  o 


C^  I 

•7  O  i 
■EC; 
O  1.  »“ 

O  O  ; 

Oi  Ok 

^  V 

®  c  -  : 


5  •  O*  I 

>  ft  c  c 

£  -  X  - 

:  O  k-  ' 

X  L  I 

.  C  O  ♦'f 

-  U  C  J 

>  —  W  X  * 


•v»  O'  c 
-  X  - 
X  o 
S  X  o 


o  o 

**  > 
c  u  X 

—  -  C  lf» 
t)  V)  ® 

ft  C  D  V 

—  X  O  ® 

—  a 

ft  >  ^ 

>  c  —  o 


ft  6 

•  o  i:  » 


6  3  o  i*! 

**  X  c 
o  ft  c  o 


-  -  o  o  a 


S  ^  ^ 


a  o  O  X  v)  • 


.•  fe  -  - 
^  **  ij 

^  *-  ft 
!  ft  V 
3  3  lA 
.  C  O  •• 

/  ft  3  X 
*  E  C  C 


c<  c  a  ft  A 


'034 

J  "*>  C#  o 

:  <  O  Z 


*4  O  I 

n  -  1 

*7  IT  >  I 
X  X 

tP  O  O  I 


ft  X  O 

t>t  o  /c  c 

- o 

X  wi  7  o 

X  ft  c. 

Cl  o  o 
c  o  c  - 

-  c,  a»  ** 
o  O'  >  ft 
>  e  -  •»' 

I  O  X  O  ft 

I  o  ft  a 
-c- 
I  o  o  X  ( 

**  tf)  ft  a 


c  c 

3  X 
E 

fe  - 
O  ft 

o  o 
C*  E 


**  X  C  X 

X  r  ^ 

o  o  ft  '*- 

*•  c  *  0 

ft  c 

V 

I  c  >  c 

Q  ft  X 

I  0  O  ft 

—  o 


o 

c 

ft 

(A 


ft 


X  c  VI 
X  X  I 

ir  o  ^ 

3  X  X) 


**  v)  -  w 

C  c  O  ft  ' 

-  O  C  X  C  x* 

ft  -  C  y  X  -V 

.4  **  j  *-  UJ 

X  X  O  X  X 

Cl  J  Cl  3 

••  L  0  C 

C  C  <•-  C  O  ^ 

3  3  ~ 

L  X  0  *' 
*4  t  W  V)  **  C 

»  3  X  ft  O 

r  ri  -o  E 

L  X 


'  i;  y  c  C  ^  ft  ft 


0  I 
*-  t/j 


O 

:  -  AC 


ft  ** 

S£  , 

V)  ft  < 


C  O  ’J- 
ft  X  ai 

, 

I  0  X  ft  . 
Q  *- 
£  X 

-  -  O'  O 

*•  c  If  : 


-'OC'- 

o  c.  ' 

-  >  ft 

-  o  C  . 

c  ?  c 

0  C  .“  ■ 

U  -  O  3 


I  -  ft  X 
,  **  u.  y  *4 
Cl--. 


!;2“”S' 


X  bJ 

,  -  (D 

I  y  —  I 


ft  c  c> 
o  -  ft 
t  ->  3 


I-  c  - 
►-  X  ; 
D  i 


ft  C  *•  I 
—  Oft! 
;  C  X  - 
ft  X  3  . 

>  £>  E  u 

>  i  <*ft  — 

S  ft  X  K  ft 

[  CD  *-  c  y 


>  O  3  U  c  -  - 

X  c  X  c  X 

*-  0  ’•*  ft  •- 

I  (A 

•  c  c  o  —  7 

3  -  1/1  C 

•3  C  C  ft 

3  n  c  X  c 

1.  C  -  «->  C  ft 


ft  ft  ' 


C  ft 


~  X  c  - 
ft  U  3  » 


.—■CO, 

X  VI  ft  o 

C  -  -  O  X  01 

**  3  O'  £  a*'- 

ft  X  c  O  b  ft 

L  •-  O  t»  -  X 


z 

3 


TOf,  J4024 


•  >  D 

<Q  C  I/)  C 

-  c  -  « 

c  o 

4,  U  C  • 


..  I  :  L. 

-  t 
•  •  -  fti  ^ 

j  c  •  ^ 


C  >  (AO 

O  1.  - - 

Q  O  a»  '- 

-  a»  ct  o  c 

O  £  4>  O  O 

«»  c  *-  r  c  - 

tj  c  a»  —  r 
c  t  r  c  c* 

<i»a>»-o«-i>o  ct 


t  i>  o  ^  ~  ^ 

^  L  «•  !>  -  U 

-  t.  ••  t. 

{CO)  - 


5  c  :y  r 

TJ  O  -  O 

1.  a  •-  >*-  » 

/o  a  c 

0  o 


-3-0 

..  W  C  ^ 

r  0  ^ 


G'  C.  15  ••■  JO 

.1  w  t  D  <4 

(,  t  I  V  C  ■ 

■  V  a  c  -  D 

a  Cl  0  (z  a  -j 


-  -  cr  c 
j  n  c  -  o 
j  c  -  n 


:  C!  c-  -  • 

)  c  o  >  c 

.  w  0  Q  t" 

t  -  S  7.  Z  I 


3  C  A}  L'  2  <Q  < 

•  0  a>  ■©  o 

7fl3C>/»i:U35QI 
;»  g  -  >.  4'  o  O  O  ( 

r  I/I  V  «-«  —  c  • 

Q  H.  a>  —  Q « 

•  —  C  0  t  o  * 

3  >  -  z  ^  I 

‘  z  r  o  i.  t.  < 

l»  ^  t  C  O'  1?  •  4»  - 

-  • 

.  •4.  4^  -  ■/)  O  •  .” 

O  •  V.  j  c  •;  D 


•  -  L  ♦  ( 

'  D  w  c  t;  c  : 

rt  I.  wc»' 

:  c  —  4*  N  «-» - 

•  a  o  -  <0  - 

t  ••  r  1  u  < 

;  c  o  Q  T 

C  I/)  I 

■  m  t  c  3  I 

«»  •  o  t  - 

J  cr  >  li  4»  —  I 

}  S  -  -  ^ 

c  >  -  «A  ( 

I  u  -  c»  —  - 

c  c  i 

I  —  u  ►-  o  «fl  • 

«  r3  -  t>  • 

:  L  •  c  ; 

1  V  i.  ry  r  r:  { 

‘  U  f<.  Z  '■  a  ^ 

■  f  -  — ’  4»  I 

>  ^  i  c>  a  u-  : 

•  v>  c  o  I  * 


c 

O  3  _ 

A>  u  •-  O 
a, 

C  ^  D  T> 

0  O  3 

^  m  — 

(A  *-  3  J 

C  C 

0  L  -  -  ® 

C-  w  >3 

•  —  —  —  /  r< 


c  O  X  i  L.  O 

s-  V  f' 

C  3  % 

O  3  ^  C  t.  O 

t  c  >  o  o  a*  o 

t  O  lA  t**  ♦•»  o 

£  c  UJ 

►  c  C  T3  -  O  -  • 

•  D  3  3  *'  O 

tl  1,  V -  v  3  < 


;  •  /  r.  r  -  o  o 

L.  Z  O  w>  •>  .'•  <X 

0.  -  i.  .  r.  L  si*  n 

►  C»  —  O  C'  ‘J  <  <N 

.<  c  s'-  .  ■  r. 

0  3  -i.  -  /  -3 

;  £  y  -  t  -  ♦•  »:  N 


ij  roLZ-yOt  — 


-  a  0  c  .  r  .  -  - 


c  <4  O  ui  C  •  '  •  3  i  £  ' 


r(5  m  :  ai  6  •-*  i 


o*  c  n.  c  T*- 

C  O  -  y  u. 

-•-.ora  ' 

—  o  Q 

—  n:  o  y  o 

0*  y  —  ot  — 

o  -  ,  V  0 


;.  O  -  • 

'  3  y  c 

;  V)  17  o  3 

a  c  *3 

I  D  - 

r.  o  3)  tf> 

I  (0  t.  !y>  • 


)  0  c  </>  C 
-  o  ■  o  »r 

>-0  -<  c 

a  ,1  ~  c  C3  •  • 

'  ••  ■  ^  ^  C  a  r\ 

I  >  .•  -J  r»  «j  r 

*:  i.  o  —  a>  G  ui 

;  c  o  z  (0  -  <  «•• 


b  a  0  a  .« 
a  w'  >  o  y 

*-  y  z  —  n  >  *1 

*3  -  T  C 
t  y  r<  <0  '3 

y  r  o  -  a 

c  ••  r  D  c 

I,-  ro  (C  Ci  -  ig 


-  c  3  3  -  a-  > 

'  -  t  w  (Z  j  (. 

y  -  —  c  y  y  <v 

—  iZ  (0  T3  t  ‘rt 


CD 


h  I  ch  ho  '  rjh  i 


.5f  «;i.-  V..  -'.t  t  Cii  *  T  or, no**  "ercy 


R1  PORT  DOCI  MFNT ATION  PACa 
I  .Recipienr>  Reference  2. Originator  s  Reference  J  Further  Reference 


4.Securit>  Classification 
of  Document 


A(iARI)-LS-i:^  ISBN  1450-5  I'NCLASSl I  II  1) 

5  Originator  Advisor>’  droup  lor  Aerospace  Research  and  Development 

North  Atlantic  Treaty  Organization 
7  rue  Ancelle,  ‘>2200  Neuilly  sur  Seine.  France 

6  Title 

MODFRN  III  COM.MUMC  A  ITONS 


'  Presented  at  a  Lecture  Series  under  the  sponsorship  of  the  Fdectromagnetic  Wave  Propagation 
Panel  and  the  Consultant  and  I  xchange  Programme  of  Afl.ARD  on  .^0  31  May  I ‘'.S3  in  Athens, 
(ireece;  on  2  3  June  l‘)83  in  Rome.  Italy  and  on  14  15  June  l‘)83  in  Fort  Monmouth.  N.J..  L'SA. 


•S.  Authortst/F.ditortst  Date 

\'arious  May  l‘'S3 

10.  Author's/Fdilor's  Address  II  Pages 

Various  1  ss 


1 2.Disirihution  Statenient 


I  .t  Kes  sMirds  Descriptors 


This  document  is  stistrihutcsl  in  accordance  with  At  i  ARI ) 
policies  and  regulations,  which  are  outlined  on  the 
Outside  Hack  Covers  of  all  AtlARI)  puhlications. 


High  freciuencies 
Telecommunication 


Cotnmunication  theory 
Radio  equipment 


14. Abstract 

Lecture  Series  127  is  concerned  with  high  freijuency  communciations  and  is  sponsored  by 
the  1  lectromagnetic  Wave  Propagation  Panel  of  AtiXRI)  aiul  implemented  by  tb.-  Consultant 
and  I  xchange  Programme. 

The  atm  of  the  lectures  is  to  survey  problems  and  progress  in  the  field  of  IIF 
COMMUNICATIONS.  The  lectures  cover  needs  of  both  the  civil  and  military  communities 
for  high  frequeney  communications.  Concepts  of  real  time  channel  evaluation,  system 
design,  as  well  as  advances  in  equipment,  in  propagation,  and  in  coding  and  modulation 
techniques  are  covered.  The  lectures  are  aimed  to  bring  non-specialists  in  this  field  up  to  date 
so  that  III'  COMMUNTC.ATIONS  can  be  considered  as  a  viable  technique  at  this  time.  The 
problems,  difficulties  and  limitations  of  HF  will  also  be  outlined. 


END 

DATE 

FILMED 

9-83 

DT I  if 


